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6. Abstract 
The  metallurgical  structure and some of the  mechanical  properties  (hardness,  strength,  etc. ) 
of two cobalt  alloys, cobalt-50% iron and cobalt-25% molybdenum-10% chromium, were deter- 
mined  under  various  heat  treated  conditions.  The  mechanical  properties of the  bcc  disordered 
Co-5OFe alloy,  which  was found to be very  brittle,  indicated  an  exceedingly low fracture 
strength, low hardness, and very  weak  grain  boundary  strength.  Ordering  by  suitable  heat treat- 
ment  only  produced a more  bri t t le  material  with  a  lower  fracture  strength and a slightly  higher 
hardness  value.  Work  hardening w a s  found to produce a finer  grain  structure and a greater  grain 
boundary strength. The composite structured Co-25Mo-1OCr in the  as-cast condition had a hard- 
ness value of Rockwell  C-49 and was  quite  susceptible  to  microcracking  from  thermal stresses. 
The  tensile  properties  were  examined.  It  was found that  the Co-25Mo-IOCr alloy was difficult 
to  place in the  a-Co  solid  solution  condition,  which  limited  the  ability  to  use  precipitation as a 
hardening reaction. Over two hundred adhesion cycles from zero contact load, to maximum 
load,  to  fracture  were conducted between couples for  each of the  above  alloys in an ultrahigh 
vacuum  system  which  would  permit  the  sample  surfaces  to  be  cleaned of all contaminant layers.  
In the  Co-50Fe  case,  the  calculated  fracture stress from  the  adhesion  tests showed values in the 
range of 80 to  150  k. s. i. (in  some  cases  even much  higher  values),  which is about  ten  times 
greater  than the  values  from  tension  tests.  The  contact  behavior  gave  lower than anticipated ad- 
hesion  strength  for a bcc  alloy and hence a lower  friction  coefficient, but a higher  value  relative 
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1 
to  the Co-25Mo-1OCr alloy. On the  other  hand,  the Co-25Mo-1OCr alloy had a fracture  strength, 
f rom adhesion tests,   around  180  k.s. i . ,  o r  about  five  times  the  value  from  tension  tests.  The 
fracture  mode of the  adhesion  junction  was  much  like  that of Co- 50Fe, i. e. , it  appeared  to  be 
ductile. On the  basis of contact  behavior,  the  alloy  was found to be a good bearing  alloy.  The 
most  significant  contribution of this  study is the  increased  evidence  that  dynamic  coefficient 
of friction  values  can  be  reasonably  predicted  from  static  adhesion  data. 
ii 
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INTRODUCTION 
The purpose  of  th i s  research  inves t iga t ion  was to  de te rmine  the  
s p e c i f i c  r e l a t i o n s h i p s  between me ta l lu rg ica l  crystal s t r u c t u r e ,  i.e, 
hardenabi l i ty  modes, etc. and the corresponding adhesion and friction 
behavior of two spec i f i c  coba l t  a l l oys :  Co-50Fe and Co-25Mo-1OCr. 
From a technological  point  of  view, metallic adhesion plays an 
impor tan t  ro le  i n  a l l  phenomena involv ing  the  phys ica l  contac t  of  two 
s u r f a c e s ,  p a r t i c u l a r l y  i n  t h e  f i e l d s  o f  f r i c t i o n  and wear. In  addi t ion ,  
the  s tudy  of metallic adhesion is expected to  provide fur ther  information 
concern ing  the  na ture  and  proper t ies  of  sur faces  which  in  turn  could  ex- 
pand our understanding of processes such as s i n t e r i n g ,  f r e t t i n g ,  c o r r o s i o n ,  
metal forming operations etc. 
Adhesion may be defined") as the establ ishment  of  quasi-equi l ibr ium 
attractive forces between two bodies  in  or  near  phys ica l  contac t .  Bai ley  
invest igated adhesion phenomena between cleaved mica su r faces  which were 
chemically clean and molecularly flat .  She  found tha t  the  adhes ion  s t rength  
was v i r t u a l l y  e q u a l  t o  t h e  c o h e s i v e  s t r e n g t h  o f  t h e  p a r e n t  body. Tabor's 
r e su l t s (3 )  w i th  mica ind ica t ed  tha t  su r f ace  fo rces  were ve ry  s t rong  fo r  
d i s tance  of  separa t ion  up t o  5 - 10Ao, but  diminished rapidly beyond t h i s  
separat ion.  
(2) 
Metal surfaces prepared by common metal lographic  techniques are 
usually covered(4) with asperit ies (surface roughness) which are from 
10 - 300p (1p = 10-3m) in  he ight  and  spaced  from 50 - 300p apart depending 
upon t h e  care of  prepara t ion .  Asper i t ies  may be regarded as a segment of 
1 
a sphere with an average s lope of  the s ides  ranging from 5 - 10 
The normal  he ight  d i s t r ibu t ion  of  the  asper i t ies  has  been  shown t o  b e  
Guassian . 
0 ( 4 )  
( 4 )  
F r i c t i o n a l  f o r c e  (F) as described by the adhesion theory of f r i c t i o n  (5 1 
is general ly  accepted as t h e  sum of forces  required to  shear  adhesion 
junc t ions   and   force   requi red   to  plow i n t e r l o c k i n g  a s p e r i t i e s .  I f  t h e  
adhesion term and the deformation' term are considered to  act  independent ly ,  
Bot~den'~) showed t h a t  t h e  f r i c t i o n  f o r c e  c a n  b e  e x p r e s s e d  as : 
F = AT + A'P (1) 
where T is t h e  mean s h e a r  s t r e n g t h  of the weakest planes a t  the  contac t  
areas, A is t h e  t o t a l  real contac t  area, A' is t h e  area of  in te r locked  
a s p e r i t i e s  and P i s  the  y i e ld  p re s su re .  
In the  recent  years ,  cons iderable  e f for t  has  been  expended i n  t h e  
development of a detai led explanat ion of  metal l ic  adhesion and contact 
phenomena f o r  static systems, on t h e  b a s i s  t h a t  i f  t h e  s t a t i c  phenomena 
were understood, one would be i n  a pos i t ion  to  unders tand  the  dynamic 
process,  i ,e .  f r i c t i o n ,  more clearly.   Johnson and  Keller") showed t h a t  
the contaminant fi lm was  t he  ma jo r  ba r r i e r  t o  metallic adhesion and t h a t  
the condi t ion of bulk miscibi l i ty  could not  be considered as a c r i t e r i o n  
for adhesion. Greenwood and  Williamson(7)  asserted  that  Contact  between 
s o l i d s  w a s  cont ro l led  by a p l a s t i c  i ndex  ( Y )  of t h e  materials in  con tac t .  
The term was r e l a t e d  t o  two material cons tan ts ,  i.e. t h e  e l a s t i c  c o n s t a n t  
(E) and hardness (H) and two topographic  propert ies ,  i.e. the  r ad ius  of 
curvature of peaks of the asperities (6) and standard deviation of the 
2 
he igh t  d i s t r ibu t ion  of  t h e  summit (6). The p l a s t i c  i n d e x  was presented 
in  mathemat ica l  form as: 
y = E  fi 
H 
Buckley showed tha t  the  adhes ion  s t rength  of  numerous metal couples 
was highly anisotropic  e .g .  cf  Copper(8) ,  and that  of  other  metal systems 
was structure  dependent,  Conrad  and Rice'") s tudied  the  adhesion of 
po lycrys ta l l ine  copper  wi th  d i f fe ren t  levels of  impuri t ies  and correlated 
the  adhes ion  coef f ic ien ts  (a) of  the var ious systems where the adhesion 
coe f f i c i en t  (a) is def ined as the  r a t io  o f  f r ac tu re  load  o f  t he  adhes ion  
couple  to  the  impressed  load .  Thei r  resu l t s  ind ica ted  a r e l a t ionsh ip :  
a E = Constant (3)  
where E i s  the  elastic constant  of  the  contac t ing  materials. Gi lbrea th  (11) 
cor re l a t ed  the  adhes ion  coe f f i c i en t  w i th  con tac t  time (t) a t  constant  load 
through  an  expression : 
01 = C t  rn 
where C is a temperature dependent constant and m i s  a temperature in- 
dependent  constant.   Preliminary  and  exploratory  experiments  using  f ield 
ion microscopy t o  s t u d y  a t o m i c  d e t a i l s  o f  t h e  mechanism of adhesion was 
presented by Muller e t  a l .  (12) 
Contact resistance measurements between crossed 'wire samples were 
shotm t o  permit a r a the r  f ine  deg ree  of  charac te r iza t fon  of  the  contac t ing  
surfaces  with regard to  contaminants ,  surface roughness  and the mechanical  
3 
proper t ies  of  the  subs t ra te  dur ing  loading(13) .  The con tac t  r e s i s t ance  
technique as descr ibed by Keller and McNicholas (I3) was employed i n   a n  
i n v e s t i g a t i o n  u t i l i z i n g  u l t r a  p u r e  i r o n  c o u p l e s  i n  which the carbon con- 
cen t r a t ion  w a s  less than 8 ppm. Keller and McNicholas showed t h a t  
gross  metallic adhesion was  n o t  a c h a r a c t e r i s t i c  o f  t h e  I r o n  - 65 ppm 
carbon system due possibly t o  t h e  p r e s e n c e  of carbides  which p rec ip i t a t ed  
on t h e  i r o n  s u r f a c e s  after an annealing (degassing) process.  Iron with 
8 ppm carbon w a s  chosen t o  e x t e n d  t h e i r  i n v e s t i g a t i o n  on the deformation, 
adhes ion  and  f rac ture  of  asper i ty  junc t ions  formed between two i r o n  
su r faces  i n  contact.  Since the adhesion process provides a pa r t  o f  t he  
r e s i s t ance  to  t angen t i a l  mo t ion  i n  a f r i c t ion  sys t em,  a fur ther  purpose 
of t h i s  r e s e a r c h  w a s  t o  examine p o s s i b l e  s o l i d  state mechanisms which 
would provide low shea r  s t r eng th  con taminan t s  t o  the  in t e r f ace  sys t em 
such that  the adhesion process  could be minimized,  and in  turn,  reduce 
f r i c t i o n ,  Keller and Tsai used hydrogen as a contaminant gas and 
inves t iga t ed  its effect on the  adhes ion  of  i ron  - 8 ppm carbon couples. 
They showed t h a t  hydrogen, unlike oxygen and carbon developed a conductive 
adsorbed film on an i ron surface which exhibi ted plast ic  deformation 
during  compressive  contact.  The hydrogen  f i lm  did - n o t  ac t  as a b a r r i e r  
to   the   adhes ion   of   i ron   couples ,  Hydrogen ion impingement,  however, 
c rea ted  a b a r r i e r  t o  adhesion., It was also observed  tha t  la rge  quan- 
tities of hydrogen were not found t o   d i s s o l v e   i n   t h e   i r o n ,  
(14) 
(+) 
The present  inves t iga t ion  i s  a d i r e c t  outgrowth of the previous re- 
search program which is more g e n e r a l  i n  t h e  s e n s e  t h a t  a l l  material 
4 
prope r t i e s  are be ing  inves t iga ted  i n  conjunction with the metallic ad- 
hesion phenomena y e t  more s p e c i f i c  i n  t h a t  two s p e c f f i c a l l y  s e l e c t e d  
materials (Co-50Fe and Co-25Mo-1OCr) are be ing  cons ide red  in  th i s  l i gh t .  
The long range purpose of this present program is t o  develop metal lurgical  
criteria for  bear ing  a l loys  based  on our knowledge of metal s t r u c t u r e ,  
adhesion behavior and friction behavior which was generated through the 
published works of Johnson and Keller e t  al .  ( 6 y  15' l 7 I e  I n  e f f e c t ,  t h e  
pr inc ip les  of  materials scfence are being brought  to  bear  to  provide 
be t te r  bear ing  sys tems ra ther  than  more o r  less a rb r i t r a r f ly  choos ing  
an alloy and then solving the friction problem through a choice of lu- 
bricant. For example, a research group (8' ') a t  NASA Lewis Research 
Laboratories (Cleveland, Ohio) while working i n  u l t r a  h i g h  vacuum 
f r i c t i o n  i n v e s t i g a t i o n s ,  i d e n t i f i e d  c e r t a i n  h e x a g o n a l  metal systems, 
e,g.  cobalt ,  which demonstrate an abnormally low c o e f f i c i e n t  of f r i c t i o n  
r e l a t i v e  t o  t h e  o t h e r  t r a n s i t i o n  metals under severe condftions,  Their 
research  on t h e s e  a l l o y s ,  d.id not  however, a t tempt  t o  uncover the 
optimum meta l lurg ica l  hea t  t rea tment  ( sub-s t ruc ture)  for  these  par t icu lar  
a l loys  or  an  ex tens ive  cor re la t ion  of  these  sub-s t ruc tures  wi th  the  
f r i c t i o n  o r  adhesion data. A qual f ta t ive  re la t ionship  has  been  shobm 
t o  e x i s t ( 8 '  'I; however, t h e  development of complete correlatfon between 
these parameters will i d e n t i f y  a l l  of t h e  v a r i a b l e s  and their  importance,  
and e s t a b l i s h  g u i d e  l i n e s  f o r  t h e  i d e n t i f i c a t i o n  o f  new bearing combi- 
na t ions  
5 
THEORY 
Metallic Adhesion Theory 
Two metallic sur faces  brought  in to  phys ica l  contac t  are usua l ly  
sa id  to  expe r i ence  "metallic ahdesion" i f  an  observable  ne t  tens i le  
load is r e q u i r e d  t o  s e p a r a t e  t h e  j o i n e d  system(15). The magnitude 
of metallic adhesion is dependent on phys ica l  and chemical properties 
of metals, t h e  n a t u r e  and ex ten t  of  loading  and  the  charac te r i s t ics  of 
contaminant  layers  present  on a l l  but  a tomica l ly  c lean  sur faces .  Keller (16 1 
categorized the metallic adhesion analysis into four sub-groups: inter-  
f a c i a l ,  s o l u t i o n ,  e l e c t r o n i c  a n d  f r a c t u r e ,  which are based on a p a r t i c -  
u l a r  model of  the  in te rac t ing  sys tem.  A t  t h i s  time, no direct  experiments  
have been conducted successful ly  to  obtain the interfacial  energy and/or  
fo rce  of i n t e r f a c i a l  a t t r a c t i o n  i n  m e t a l l i c  s y s t e m s  as expressed by the  
first t h r e e  models. The f r a c t u r e  model (I5) although not capable of pro- 
v id ing  fo rce  o f  a t t r ac t ion  da ta  on an  absolu te  scale, does provide a 
realistic ana lys i s  of t h e  system. 
The model examines metallic a d h e s i o n ,  t h e  r e s i s t a n c e  t o  t e n s i l e  
s epa ra t ion  of t he  su r faces  in  con tac t ,  t h rough  a considerat ion of  the 
c r i t i c a l  f r a c t u r e  stress of  the regions making up t h e  real contac t  area, 
Due to  surface roughness ,  each asperi ty  contact  point  will have under- 
gone, during the compression cycle, various degrees of deformation from 
elastic c o n t a c t  t o  n e a r l y  100% p l a s t i c  flow. The contaminant layers 
present  on the  contac t ing  sur faces  have ,  for  the  most p a r t ,  a low 
c r i t i c a l  f r a c t u r e  stress r e l a t i v e  t o  t h e  metal subs t r a t e ;  bu t  t hese  
6 
l ayers  can  be  d ispersed  e f fec t ive ly  by e n e r g y  i n p u t s  t o  t h e  i n t e r f a c e  
system. Effect ive  dispersal   of   the   contaminat ing  layers ,  e.g. rendering 
t h e s e  l a y e r s  i n a c t i v e  i n  p r e v e n t i n g  metal-metal bonding, is e f f ec t ed  by 
mechanical energy such as gross  p las t ic  deformat ion ,  v ibra t ion  and/or  
thermal  d ispersa l  as discussed by Keller e t  a l .  (I5) and i l l u s t r a t e d  by 
the  works of  Milner(16) .  Since the cr i t ical  f racture  stress of a g ra in  
boundary is the upper 'bound of  the adhesion junct ion s t rength,  ( for  a 
system without an interfacial  contaminant) and t h a t  a non-conducting 
sorbed gas  f ixes  the lower bound,  adhesion junct ion s t rengths  therefore  
depend on the  a b i l i t y  .o f  the  phys ica l  contac t  mechanics  to  d isperse  the 
contaminant layer which is p r e s e n t .  I f  no  contaminants are p resen t ,  t he  
stress on each asperi ty  contact ,  the  summation of  appl ied and r e s i d u a l  
stresses must exceed a   cr i t ical  f r a c t u r e  stress (aC) which is approximately 
t h a t  of a g r a i n  boundary of t h e  weaker material. Note, t h a t  t h e  mecha- 
nical  energy is unnecessary  s ince  d ispersa l  o f  the  contaminant  bar r ie r  
i s  not involved. Barrier d i s p e r s a l ,  as shown by Milner(I6) ,  is a most 
complex process as i t  depends on the  phys ica l  p rope r t i e s  of t h e  metal 
as well as the chemistry of the contaminant system. 
The fo rce  (F ) experienced by the interface system based on the t 
above concepts can be presented as: 
n 
X (5 1 
i j  
where K must be evaluated 
involved in expanding the 
under conditions of the deformation process 
ith a s p e r i t y  which e s t a b l i s h e s  t h e  power of 
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W, the  load ,  oi i s  t h e  e f f e c t i v e  stress developed on the  ith a s p e r i t y  
j u n c t i o n  a n d  t h e  t o t a l  f o r c e  r e p r e s e n t s  t h e  e f f e c t s  o f  n junc t ions .  
The path the crack w i l l  follow on unloading the system w i l l  be  tha t  
of t h e  least resis tance,  e .g .  the chemical  composi t ion of  the fracture  
su r faces  w i l l  n o t  b e  i d e n t i c a l  t o  t h o s e  b e f o r e  c o n t a c t  s i n c e  material 
t r anspor t  is expected i n  a l l  areas. I n  a n  i m p l i c i t  manner t h e  model 
sugges ts  tha t  an  absolu te  cor re la t ion  of  adhes ion  da ta  wi th  a tomic  
p rope r t i e s ,  s t ruc tu re  o f  material, or  defect  mechanics  require  a 
r a the r  adven tu rous  ex t r apo la t ion ,  i f  any bu t  t he  g rosses t  of genera- 
l i z a t i o n s  are involved. 
Keller (I7) es t ab l i shed   t h ree  cri teria for   meta l l ic   adhes ion   us ing  
contact  res is tance techniques 
1. A load approaching the fracture  s t rength of  the weaker  material 
is requ i r ed  to  f r ac tu re  the  adhes ion  junc t ion  if no contaminants are 
present  
2. The minimum contact  res is tance observed a t  maxfmum load on the 
couple is cons tan t  wi th  unloading  to ,  o r  very  near  to ,  the  poin t  of  
j u n c t i o n  f a i l u r e  
3. The contact  res is tance values  are s t a b l e  even  under  extremely 
l igh t  loading ,  
Theories of Friction 
Although the  use  o f  l ub r i can t s  fo r  t he  mi t iga t ion  o f  f r i c t ion  and 
wear da tes  back  to  the  Egypt ian  c iv i l iza t ion ' l8 ) ,  i t  was i n  t h e  f i f t e e n t h  
century  tha t  the  bas ic  laws of f r i c t i o n  were experimental ly  es tabl ished 
a 
by Leonard0 da Vinci. These are t h a t  t h e  f r i c t i o n a l  f o r c e  is propor t iona l  
t o  load and t h a t  it is  independent of the apparent  area of contact.  These 
observations which were ignored were rediscovered two cen tu r i e s  later by the  
French archi tect  Amontons ("I. His work was confirmed by o the r  Inves t i -  
ga to r s ,  and explanations based on surface roughness were offered, such 
as Coulomb's inter locking theory,  none of  which have wide support a t  t h i s  
time(2o). The con t r fbu t ion  o f  t h i s  ea r ly  work  on f r i c t i o n  is t h e  reali- 
za t ion  tha t  ac tua l  phys i ca l  con tac t  occu r s  on ly  a t  d i sc re t e  po in t s  w i th in  
the apparent area of  contact ,  a t  those  poin ts  where t h e  s u r f a c e  a s p e r i t i e s  
happen t o  touch, by chance. 
Desaguliers,  an English scientist ,  found strong adhesion between lead 
spheres which had been truncated and then pressed together with a tw i s t ing  
motion, and based on th i s  observa t ion ,  pos tu la ted  tha t  adhes ion  i s  a s ig -  
n i f i c a n t  component of  riction(21) Some ear ly   inves t iga tors   such  as 
Coulomb and Vince, considered adhesion as c o n t r i b u t i n g  t o  t h e  f r i c t i o n a l  
fo rce ,  bu t ,  con t r a ry  to  the  modern theory,  concluded that it represented 
only a small f a c t o r  . Also among those reject ing adhesion as a (20,  22) 
major component of f r i c t i o n  was Leslie, who rea l ized  tha t  energy  requi red  
for   asper i ty   deformat ion  may be  a s i g n i f i c a n t  This r ep resen t s  
what t h e  modern f r i c t i o n a l  t h e o r y  calls " a p l o u g h i n g  e f f e c t  o r  p l a s t i c  
(24)" deformation . 
That an adhesive force represents  a major factor conbribut ing to  
f r i c t i o n a l  f o r c e  was recognized i n  more modern times by Ewing, Hardy and 
Tomlinson, although the nature of the adhesive force was no t  e s t ab l i shed  
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nor  was i t s  presence  experimentally  verified.  (25' 26' 27) Bowden and 
Tabor have re f ined  the  adhes ion  theory  of  f r ic t ion ,  and t h e i r  work and 
other  support ing contr ibut ions are p resen ted  in  two volumes 
Braithwaite provides a concise  discussion of  the modern adhesion (or 
welding) theory of friction, including the various arguments against  
i t  and their  defense(30).  Additionally,  he reviews other current theories 
of f r i c t i o n  r e p r e s e n t i n g  d i f f e r e n t  mechanisms which may be of consequence 
i n  some s i t u a t i o n s .  
(28, 29) 
Thus the adhesion theory of  f r ic t ion has  evolved,  recognizing that  
when su r faces  are in  contac t  they  ac tua l ly  touch  on only a f r ac t ion  o f  
the apparent  area of contact,  and that adhesion and shearing in these 
areas o f  real contact between the bulk materials o r  sur face  f i lms  is 
respons ib le  for  the  major  por t ion  of f r i c t i o n a l  f o r c e .  
While the theory of f r i c t i o n  t e a c h e s  t h a t  t h e  real area of  contact  
and the  proper t ies  of  the  materials in  con tac t ,  i nc lud ing  su r face  f i lms ,  
d e t e r m i n e  t h e  f r i c t i o n a l  r e s i s t a n c e  t o  s l i d i n g ,  q u a n t i t a t i v e  e v a l u a t i o n  
of f r i c t i o n a l  f o r c e  is a complex  problem. One p r inc ipa l  a spec t  of such 
an  ana lys i s  is the  de te rmina t ion  of  the  real area of contact. 
Contact Resistance Theory 
The observed contact  res is tance (R ) which r e s u l t s  from the measure- 
0 
ment of contact resistance between two crossed wires in  the  conf igura t ion :  
Figure 1 
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and measured as a poten t ia l  d rop  (4) when a c u r r e n t  ( i )  is impressed 
across  the system is given by: 
where R i s  the  pu re  cons t r i c t ion  r e s i s t ance  which i s  a consequence of 
t he  cu r ren t  f l ow be ing  cons t r i c t ed  though  small conducting spots (i.e.) 
the  contac t  a rea)  and R is r e s i s t a n c e  due to  the contaminant  f i l m  (+) 
C 
f 
o r  due to  tunnel ing  (-). 
The f i l m  r e s i s t a n c e  may be assumed cons t an t  and  neg l ig ib l e  in  the  
case of  ul t ra  c lean metallic sur faces  (15 1 . 
Holm (31) has  shown t h a t  t h e  c o n s t r i c t i o n  r e s i s t a n c e  o f  a s i n g l e  
contact between similar metals is given by: 
Rc = & 
where - a is the   contac t   rad ius   o f   the   t rue   contac t  area and p is the  
b u l k   r e s i s t i v i t y  of metal, 
Greenwood (32) e x p l o r e d   t h e   c o n s t r i c t i o n   r e s i s t a n c e   i n  a system of 
mul t ip le  contac t  po in ts  and  showed t h a t  
where: p = r e s i s t i v i t y  o f  bulk metal 
a = rad ius   o f   the  ith metal contac t  
n = number of  contac ts  
S = distance  between  the i and jth contac t  
i 
t h  
i j  
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Greenwood (32) a lso provided t h e  information which permitted t h e  development 
by McNicholas, of an approximate relationship between the area of contact (A ) I 
derived from Holm's equat ion and rea l  contact  area (%) based on (2) mul t ip le  
contac ts  : 
AI 
% 
-". 1/2 1.4 n 
where n = 30 (12) 
Tabor (33) i n d i c a t e d  t h a t  t h e  area (A) observed in  ha rdness  s tud ie s  
could  be  re la ted  to  the  impressed  load  (W) and t h e  y i e l d  s t r e n g t h  (Y) by 
the equat ion:  
A - -  w N - 3Y 
Combining equations,  7 ,  9 and 10, w e  ob ta in  a r e l a t ionsh ip  between t h e  
observed contact  res is tance and load,  which is given by: 
AI IT (P/2Rc) 
%I 
2 
1 /2  - - = 1.4n - w/ 3Y 
o r ,  by rearranging as: 
Rc = 1.3n -114 y1/2 1q-1/2 
The observed  contac t  res i s tance  versus  load  da ta  can  a l so  be  presented  as 
an  apparent  s t ress -s t ra in  curve  i f  su i tab le  assumpt ions  are made.  The real 




*I - 2 -1/2 -2 
112 = 0.56 p n RC (13) 1.4n 1/2 1.4n 
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Since stress (0) i n  t he  sys t em can  be  r ep resen ted  as: 
w a = -  
% 
then by subs t i t u t ing  equa t ion  
(J = 1.78 n 1 /2  ()-2 
Assuming tha t  t he  sys t em 
can be represented as: 
A 
0 
E = Rn (A) 
(13) i n t o  e q u a t i o n  (14) we obtain:  
2 
RC (15) 
volume is  constant ,  the apparent strain (E) 
where A is t h e  t r u e  area a t  i n i t i a l  c o n t a c t  as the load approaches zero 
and A i s  t r u e  area of  contac t  a t  any other  load.  
0 
By subs t i tu t ing   equat ion  (13) in to   equa t ion   (16 )   t he   s t r a in  (E) is: 
RO 
R0 
E = 4.61 log (-) 
0 
where Ro is  the  con tac t  r e s i s t ance  a t  zero load and R is the  con tac t  re- 
s i s t a n c e  a t  any o t h e r  load., 
0 0 
A d i r e c t  s u b s t i t u t i o n  o f  the information obtained from the contact  
r e s i s t a n c e  - load curve w i l l  produce data for the apparent compressive 
stress and s t r a i n  i n  t h e  c o n t a c t i n g  s y s t e m .  A considerable  degree of care 
must, however, be exercised i n  t h e  i n t e r p r e t a t i o n  of t h e  d a t a  s i n c e  t h e  
stresses and s t r a i n s  are not  direct ly  comparable  to  the common engineering 
terms. For  example, as the  load  i s  increased  the  area expansion i s  due t o  
deformat ion  of  the  asper i t ies  
must account for the apparent 
as well as a geometr ic  correct ion factor  which 
area increase caused by the shape of the 
1 3  
a s p e r i t i e s .  The lat ter term cou ld  be  s ign i f i can t  a t  extremely small loads.  
The i n i t i a l  area A is t h a t  area a t  i n i t i a l  c o n t a c t  as the load approaches 
z e r o ;  t h e  s t r a i n ,  t h e r e f o r e  is the measure of the expanding load bearing 
area from tha t  po in t  as the  load  is impressed (e.g. stress increased) .  
Both terms are s u b j e c t  t o  the assumptions used i n  t h e  development of the 
i n i t i a l  equation which was based on the  research  of Greenwood as well as 
the  na ive te  o f  t he  stress a n a l y s i s  o f  t h i s  complex system. Since near 
zero load contact only involves the shape change of a few a s p e r i t i e s ,  t h e  
change in  sys t em strain is  e x p e c t e d  t o  b e  q u i t e  l a r g e  i f  t h e s e  few a s p e r i t i e s  
can  co l lapse  to  a la rge  degree  in  order  to  suppor t  the  impressed  load .  In  
such a system, two condi t ions are immedia te ly  apparent :  f i r s t ly ,  the  elastic 
de fo rma t ion  o f  t he  f i r s t  f e w  a s p e r i t i e s  i n  t h e  c o l l a p s e  p r o c e s s  will probably 
not be observed since co l l apse  w i l l  be  a lmost  instantaneous due to  the re- 
l a t i v e l y  fast loading rate; secondly,  the observed deformation i s  tha t  o f  
t h e  a s p e r i t i e s ,  a micro-process involving only a few microns square and does 
not  reflect the  changes  in  the  macro-system, i.e. the  bulk  e las t ic  limit f o r  
th i s  sys tem of  contac t  w i l l  not have been achieved. The a s p e r i t i e s  will, 
therefore ,  col lapse giving the appearance of a l a r g e  d e g r e e  o f  s t r a i n  u n t i l  
su f f i c i en t  a spe r i t i e s  have  been  invo lved  to  inco rpora t e  a r eac t ion  due  to  
the bulk dimensions of the system. A simple analogy can be drawn by placing 
one's foot  on a g ras s  lawn, t h e  g r a s s  is severe ly  s t ra ined  before  the  load  
is suppor ted  in  an  e las t ic  manner  by the  under ly ing  ear th .  I f  the  stress- 
s t r a i n  diagram of th i s  sys t em is  based on t h e  area of contact which is in- 
volved (under foot) from the point of i n i t i a l  c o n t a c t ,  t h e  r e s u l t i n g  s t r a i n  
relates d i rec t ly  to  the  co l lapse  of  the  sys tem under  load .  The a s p e r i t y  





Vacuum c a s t  a l l o y  p l a t e s  (3/8" x 8" x 10") of the exact composition, 
Cobalt - 47.80 Iron* and Cobalt - 24.10 Molybdenum - 9.60 Chromium* were 
received from Materials Research Corporation. The a l l o y s  were prepared 
from high  pur i ty  grade  base  metals such that  the semiquant i ta t ive emission 
spectrographic analysis of each could be presented as: 
Element  Conc ntration Range 
Co-50Fe Alloy S i  0.0001 - 0.001% 
Pb, C r ,  A l  0.001 - 0.01% 
Mg, Cu, Mo, N i  0.01 - 0.10% 
Others Not de tec ted  
Co-25Mo-1OCr Alloy  Si  0.0001 - 0.001% 
Pb, Zn 0.001 - 0.01% 
Mg, Al, Fe, Cu, N i  0.01 - 0.1% 
Others Not de tec ted  
Each a l loy  presented  i t s  own d i s t i n c t  problems i n  t h e  r e d u c t i o n  of 
t h e  a l l o y  p l a t e s  i n t o  t e n s i l e ,  a d h e s i o n  and  x-ray  specimens, The Co-50Fe 
a l loy  could  be  reduced  to  rec tangular  b locks  e i ther  by hacksawing o r  cooled 
cut-off wheel techniques; however, tool machining was found to  be  a lmost  
imposs ib l e  due  to  the  ve ry  b r i t t l e  na tu re  o f  t he  a l loy  ( c . f .  d i scuss ion  o f  
tension test  later). The necessary tool  pressure to  permit  a cu t  i n  t h e  
l a t h e  was suff ic ient  to  cause fracture  of  the sample,  even though center  
support techniques were used, A l l  specimens, as a consequence, were reduced 
.' " . 
*All ana ly t i ca l  va lues  are i n  weight percent as supplied by Materials Research 
Corporation. 
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by w e t  gr inding methods. 
The Co-25Mo-1OCr alloy could only be reduced by careful cut-off wheel 
t echn iques  s ince  the  a l loy  in  the  "as-cast" condition had a hardness value 
of Rockwell C-49 (Rc-49) and was qui te  suscept ib le  to  thermal  c racking  when 
the cut-off point was allowed to  overhea t  due  t o  improper cutting speed and/ 
o r  coo l ing  water flow. Machining of t h i s  a l l o y  was ba re ly  poss ib l e  wi th  
carb ide  t ipped  too ls .  
The too ls  used  for  inves t iga t ing  the  meta l lurg ica l  s t ruc ture  and pro- 
p e r t i e s  o f  t h e  a l l o y s  were x-ray d i f f r a c t i o n  and o p t i c a l  and e l ec t ron  micro- 
scopy. The tens ion  tests were conducted  on  an  Instron  testing  machine. Ad- 
hes ion   s tud ie s  were done ut i l iz ing  the  techniques  developed by Keller . 
The s t ruc tu re  o f  t he  Co-50Fe and Co-25Mo-1OCr a l l o y s  i n  t h e  "as-cast" 
(13) 
and o ther  hea t  t rea ted  condi t ions  were deternlined by x-ray d i f f r a c t i o n  
techniques using Cr-Kcl r a d i a t i o n  and a vanadium filter. Hardness values 
of  both al loys under  var ious condi t ions were recorded. 
Cobalt-50 I ron  System 
According t o  E l l i s  and G r  e i n e r ( 3 4 ) ,  H a n ~ e n ' ~ ~ ) ,  P e a r s o n  (36) and 
o t h e r s ,  a l l o y s  i n  t h e  r a n g e  o f  50 w/o  Co with a balance of Fe are sub jec t  
t o  two polymorphic transformations: 
y (f.c.c.) Q (b.c.ce  disordered) 
c1 (b.c. c, disordered) Q (b .c. c. ordered) 
These p r i n c i p a l  s o l i d  state t ransformations occur  for  a l l  a l l o y s  i n  
the range of  50+20 w/o cobal t  wi th  some corrosponding decrease in  t rans-  
formation temperature as the  cobal t  concent ra t ion  varies from about 50 w/oO 
73OOC 
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. .. - 
The l i c e r a t u r e  is  n o t  s p e c i f i c  i n  r e g a r d s  t o  t h e  k i n e t i c s  o f  t h e  
(?*-.a) t ransformation,  a l though E l l i s  e t  a l ,  ( 3 4 )  do mention that some thermal 
h y s t e r s i s  was observed in  the thermal  arrest d a t a  f o r  t h e  a l l o y s  i n  t h e  r a n g e  
of 50 w/o Co. The ex i s t ence  of the  y( fcc)  phase  a t  room temperature has not 
been mentioned by any inves t iga to r s  wh ich  sugges t s  t ha t  t he  t r ans fo rma t ion  
rate of t he  r eac t ion  ( p a )  on cool ing is  f a s t e r  t h a n  t h e  rate of cooling ex- 
perienced by an  a l loy  in  the  conven t iona l  "a s -cas t "  p l a t e ,  Whether o r  n o t  
( 3 4 ,  35, 3 6 )  
the y-phase can be retained by o i l  quenching techniques has not been verified.  
The rate of t r ans fo rma t ion  from the  bcc-d isordered  phase  to  the  bcc  
ordered phase (of the Cesium C h l o r i d e  s t r u c t u r e ,  B2 type) is exceedingly 
slow, s o  t h a t  a l l  "as-cast"  or  a i r  cooled samples are e n t i r e l y  of t h e  d i s -  
o rde red  s t ruc tu re  as are samples which were not  exposed to  extended heat  
t reatment  a t  temperatures between 700 - 73OoC f o r  a t  least 100 hours  or  
the  equivalenr:  ( 3 4 y  36). D e t a i l e d  k i n e t i c  d a t a  f o r  t h i s  t r a n s f o r m a t i o n  
are a l so  l ack ing .  
The s t r u c t u r e  o f  t h e  "as-cast" Co-50Fe a l l o y  was determined by x-ray 
d i f f r a c t i o n  t e c h n i q u e s  u s i n g  f i l t e r e d  C r  r a d i a t i o n .  S t r o n g  d i f f r a c t l o n  
peeks were observed a t  (28) values of 68, 106 and 157 degrees which cor- 
respond t o  r e f l e c t i o n s  of (hkl)   indices  (101),   (200)  and  (211)  respectively.  
This i n d i c a t e d  a disordered body cen te red  cub ic  s t ruc tu re  wi th  a unit ce l l  
dimension of about 2.85 A' which is  c o n s i s t e n t  w i t h  l i t e r a t u r e ( 3 6 ) .  No 
d i f f r ac t ion  peaks  were obse rved  a t  20 values of 51, 88 and 126 degrees 
corresponding to  ref lect ions of  (hkl)  indices  (100)  , (111)  and  (210) re- 
s p e c t i v e l y  wh ich  shou ld  have  been  p resen t  w i th  the  o the r  l i nes  i f  t he  
s t r u c t u r e  were ordered. The l ack  o f  o rde red  bcc  d i f f r ac t ion  peaks  in  the  
"as-cast" samples is  cons is ten t  wi th  the  observa t ions  of previous inves-  
t i g a t o r s  (34 ,   35 ,  36) 
The stress s t r a in  d i ag rams  from four  samples  of  the "as-cast" Co-Fe 
a l l o y  were s i m p l e  i n  t h a t  t h e y  b o t h  were v e r y  n e a r l y  s t r a i g h t  l i n e s  t o  t h e  
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u l t i m a t e  t e n s i l e  s t r e n g t h  ( o r  f r a c t u r e  stress) i n  t h e  r a n g e  9000 t o  17000 p s i ,  
(Table 1) and a t o t a l   s t r a i n   o f  5 x inch/inch. The scatter i n   d a t a  was 
expected of a v e r y   b r i t t l e  material wi th  low g ra in  boundary s t r eng th  due t o  
g ra in  boundary po ros i ty ,  ev iden t  i n  F igu res  2 and 3.  The f r a c t u r e  s u r f a c e s  
a f t e r  t h e  t e n s i o n  tests, were t y p i c a l  o f  b r i t t l e  f r a c t u r e s  w i t h  no reduction 
i n  c r o s s  s e c t i o n  area. The teneion tests were made with samples 0.296 inch 
diameter and a 1-00 inch  test s e c t i o n  on an  Ins t ron  t e s t ing  machine., The 
samples were ve ry  so f t  w i th  a Rockwell hardness value of B-78 (average of 
n ine  tests with a very small s c a t t e r ) .  
Two pla tes  (3 /8  x 4 x 4 inch)  of  the Co-Fe a l l p y  were annealed for  60 
hours a t  1200°C i n  vacuum Torr.)  and  furnace  ooled. Both p l a t e s  
ind ica ted  a c r y s t a l  s t r u c t u r e  of  the disordered type when examined by x-ray 
d i f f r a c t i o n ,  One o f  t he  p l a t e s  was f u r t h e r  t r e a t e d  by aging i n  a vacuum 
furnace (5  x 10  Torr. ) a t  71OoC f o r  100 hours  According  to E l l i s  and -6 
Greiner (35) such a treatment should provide an ordered body centered cubic 
s t r u c t u r e  (Type  B2). 
D i f f r ac t fon  pa t t e rns  o f  t he  samples  (p l a t e s ,  t ens i l e  and metallographic 
samples) removed from the  ag ing  furnace  ind ica ted  re la t ive ly  s t rong  order ing  
diffract ion peaks.  Refer ing to  Table  2 w e  see tha t  t he  r e f l ec t ions  o f  (hk l )  
i nd ices  ( loo) ,  (111)  and  (210) are due to  the  o rde r ing  and are r e l a t i v e l y  
weak due t o  t h e  f a c t  t h a t  t h e  a t o m i c  s c a t t e r i n g  f a c t o r  of i r o n  and cobal t  
are wi th in  3% of each ~ t h e r ' ~ ~ ) ~  D i f f r a c t i o n  from the  su r faces  of the 
ordered plate (Table 4 )  af te r  po l i sh ing ,  e .g .  w e t  papers to 650, dry paper 
t o  3/0, w e t  alumina l p ,  Vilella's e t ch  and pol i sh  wi th  a lumina  0 .05~ for  
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f o r  t h r e e  c y c l e s ,  i n d i c a t e d  t h a t  t h e  r e l a t i v e l y  s t r o n g  o r d e r i n g  l ines  were 
s i g n i f i c a n t l y  less than those observed on a metallographic sample (Table 3).  
A d i f f r a c t i o n  p a t t e r n  from t h e  edge  of  the  p la te ,  however, i n d i c a t e d  t h a t  
t h e  p r e f e r r e d  o r i e n t a t i o n  i n  t h e  p l a t e  was qui te  s t rong  (Table  5) due t o  
the  cas t ing  techniques  and  tha t  abnormal  l ine  in tens i t ies  should  be  ex- 
pected and be a func t ion  of o r i en ta t ion .  A cursory  ana lys i s  sugges ts  tha t  
t he  (110) planes are normal t o  t h e  s u r f a c e  o f  t h e  p l a t e .  A de ta i led  s tudy  
o f  t he  f r ac t ion  o f  o r i en ta t ion ,  however, has not been conducted, this being 
beyond the scope of the current program, There was a s l i g h t  i n c r e a s e  i n  
hardness observed i n  t h e  o r d e r e d  s t r u c t u r e  - Rockwell B-82 (average of ten 
t e s t s ) .  The tens ion  tests revea led  tha t  t he  a l loy  had become  more b r i t t l e  
on ordering (Table l), One t e n s i l e  test specimen f rac tured  whi le  th read  
g r ind ing  the  g r ipso  The o t h e r  two tests conducted showed very low values 
of f r a c t u r e  stress of 5,100 and 2,550 p .s . i ,  respec t ive ly ,  with t h e  l a t te r  
specimen fracturing in two regions. 
Figures 2 and 3 are electron  micrographs  of   the  e tched  surfaces  
of an "as-cast" and ordered plate, The etching process does create a 
small degree of surface roughness which is evident  from the micrographs. 
This roughness, however, is no t  as severe as the presence of  holes  and 
m i c r o p o r o s i t y  i n  t h e  s u r f a c e ,  which was probably due t o  t h e  d e c r e a s e  i n  
s o l u b i l i t y  of gases i n  one or  bo th  of  the  h igh  pur i ty  metals when they 
were mixed dur ing  a l loy  prepara t ion ,  or  from gas pick-up from the adsorbed 
gases on the  cas t ing  mold sur faces .  The po ros i ty  is continuous throughout 
t he  bu lk  o f  t he  so l id .  Although t h e  metals were prepared i n  vacuum, i t  
t , 
r' p" 
Magnification:  35,000 
Magnif icat ion:   22,500 
F igure  2: Elec t ron   Micrographs  of g r a i n  b o u n d a r i e s  
i n  "as-cast" Co-50Fe a l l o y  p l a t e .  
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could  be  tha t  the  cast ingo t s  were not  soaked  in  vacuum i n  t h e  l i q u i d  state 
for an extended Teriod which might have produced a lower degree of porosity 
i n  t h e  bulk., The presence of  porosi ty  would r e s u l t  i n  a lower apparent value 
of t he  measured s t r e n g t h  (17000 - 9000 p . s a i . ) ,  however, observations during 
the preparat ion of the adhesion samples (1/8 inch  grea te r  d iameter )  sugges t  
t ha t  t he  inhe ren t  weakness i n   t h i s  material i s  due to a very low grain boundary 
strength.  For example,  even the most careful hand grinding techniques failed 
t o  produce two sui table  rods for  adhesion s tudies ,  even though near ly  150 
artempts were made. In each case the rod eventual ly  f ractured under  a lmost  
no stress along a g r a i n  boundary  which traversed the rod diameter.  One of 
the  pa i r s  of  Co-50Fe a l loy  rods  which was mounted in  the  adhes ion  ce l l  f o r  
test collapsed under the very minimal stress imposed by the  sample support 
rods,  during the degassing operat ion.  The mechanical  propert ies  which  have 
just been eonsidered, suggest that  low coe f f i c i en t  o f  f r i c t ion  va lues  are 
to  be  expec ted  fo r  t h i s  a l loy .  
Figure 4 demonst ra tes  an  in te res t ing  e f fec t  o f  the  ex t reme br i t t l eness  
of the Co-50Fe al loy.  During the metal lographic  pol ishing a nea r ly  pe r fec t  
surface received one scratch from one s i l i c o n  c a r b i d e  c r y s t a l  which extended 
the length of the plate .  Microscopic  examinat ion of  the s ingle  pass  wear 
t r ack  c l ea r ly  demons t r a t ed  the  o r i en ta t ion  e f f ec t s  o f  wear by t h e  d i s t r i -  
but ion of micro cracks etc. from g r a i n  t o  g r a i n ,  Some g ra ins  were completely 
uneffected while  adjacent  grafns  to  that  which was uneffected appeared as i n  
Figure 4.  
Sta t ic  adhes ion  tests on t h e  Co-50Fe a l l o y  were conducted a f t e r  t h e  
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following treatment.  Two cast ba r s  (0.7 x 0.7 x 3 i n . )  o f  t he  a l loy  were 
work hardened by forging. The samples were h e a t e d  t o  1O5O0C i.e. w e l l  
above t h e  a -+ y t ransi t ion temperature ,  and hammer forged until t h e  
temperature decreased to about 985 C,  t h e  o n s e t  o f  t h e  b r i t t l e  a-phase. 
The ba r s  were reduced  in  several cyc les  by  th i s  method such  tha t  t he i r  
ove ra l l  l eng th  had about  doubled. They were then cooled i n  the furnace,  
down t o  room temperature. The adhesion  samples  (rods  of  1/16"  diameter 
and 1" long)  readi ly  prepared from t h e  f i n e r  g r a i n  material were mounted 
in  the  adhes ion  appara tus  for  fur ther  inves t iga t ion .  
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A s u i t a b l e  specimen from t h e  work hardened samples was sub jec t ed  to  
x-ray d i f f r ac t ion  us ing  Chromium Ka r a d i a t i o n ,  t h e  f i l t e r  b e i n g  vanadium. 
A glance a t  Table 6 shows tha t  the  presence  of the  re f lec t ions  of  (101) ,  
(200) and (211) correspond t o  t h e  d i s o r d e r e d  body centered  cubic  s t ruc ture ,  
w h i l e  the absence of (1001,  (111)  and  (210) i n d i c a t e  t h a t  no order ing had 
occured.  Figures 5,  6 ,  and 7 show optical  micrographs of the Co-50Fe i n  
the  "as-cast", ordered  and work-hardened condi t ions   respec t ive ly .   F igure  
7a shows a micrograph of  the al loy af ter  complet ion of the adhesion tests, 
The hardness  of  the work-hardened Co-Fe a l l o y  was somewhat higher  than 
the  "as-cast" specimens. A hardness  of  Rockwell B-87 (average  of  ten tests) 
was observed, compared with Rockwell B-78 f o r  "as-cast", which sugges ts  tha t  
work hardening  d id  not  s ign i f icant ly  change the mechanical properties 
of  the al loy al though the grain boundaries  were s t r eng thened  su f f i c i en t ly  
f o r  making adhesion samples. 
Magnification: 4,200 
Figure 4 :  Electron Micrograph of  g ra in  boundary  and a sc ra t ch  (made 
wi th  S ic  crystal and lp wide)in polished "as-cast" Co-SOFe 
a l l o y   p l a t e .  
Magnification: 75 
Magnification: 250 
Figure 5: Optical Micrographs of "as-cast" Co-50Fe alloy. 
Etchent: Vilel la  Reagent. 
Note the sub-boundaries made  up of etch p i t s .  
Magnification: 75 
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Figure 6 :  Optical  Micrographs of ordered Co-5OFe a l l o y  
Etchent :   E lec t ro ly t ic  (5% H3P04, 95% HZO) 
Note the presence of sub-boundaries, but t o  a 




Figure 7: Optical Micrographs of work hardened Co-50Fe  alloy. 
Etchent: Vilella Reagent 
Note the smaller grain size as compared with the 
"as-cas t" alloy. 
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Magnif icat ion:  100 
f 
Magnif icat ion:  500 
Figure 7a: Optical   Micrographs  of  the  adhesion  specimens of Co-50Fe, 
(made from work hardened mater ia l )  af ter  the adhesion test. 
Etchent :   E lec t ro ly t ic   (5% H PO4, 95% H20). 
Note t h a t  g r a i n s  are l a r g e r  2han i n  F i g u r e  7 ,  due to  thermal  
degassing.  
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Cobalt  - 25 Molybdenum - 10 Chromium System 
As already mentioned,  the Co-25Mo-1OCr a l l o y  i n  t h e  "as-cast" condi t ion  
had a hardness value of Rockwell C-49 and w a s  q u i t e  s u s c e p t i b l e  t o  micro- 
cracking due to  thermal  stresses; such,  was based on observa t ions  dur ing  the  
east p l a t e  s i z e  r e d u c t i o n .  The mechanical  properties  of  samples  commercially 
s o l u t i o n  t r e a t e d  i n  vacuum f o r  60 hours a t  12OO0C (and air  cooled) which 
appeared  to  be  wi thout  pr ior  defec ts  or  thermal  c racks  by f r a c t u r e ,  on s u r f a c e  
in spec t ion ,  are as fol lows:  
Young's  Modulus : 
Yield Point  
F r a c t u r e   S t r e s s  : 
Hardness 
Reduct ion  in  Area : 
29-32 x 10 p . s . i .  
1.37 x 10  p .s . i .  
2.80 x 10 p , s . i .  
C-47 (Rockwell) 




The f r a c t u r e  s u r f a c e  s t r u c t u r e  was t y p i c a l  o f  b r i t t l e  f r a c t u r e .  V a r i o u s  
specimens of the Co-25Mo-1OCr a l l o y  were s u b j e c t e d  t o  a n n e a l i n g  i n  vacuum 
Torr) a t  122OoC f o r  116 hours, and aging a t  7OO0C and 8OO0C f o r  50  and 
61  hours  respectivel!   For a l l  these  t reatments ,   the   specimens were subjec ted  
to  X-ray  d i f f rac t ion  (Table  7) ,  t ens ion  and  hardness  tests (Table 8) and 
metallography  (Figures 9 to   11 ) .   F igu re  1 2  is an   op t ica l   micrograph   of   the  
Co-25Mo-1OCr a l loy  which  has  been  commerc ia l ly  hea t  t rea ted  in  vacuum a t  120OoC 
f o r  60 hours  and a i r  cooled. It shows a two phase  s t ruc tu re  and t h e r e  is 
hardly any evidence of a th i rd  phase .  This  is due t o  t h e  r e l a t i v e l y  r a p i d  
cool ing  rate a t t a i n e d  by a i r  cool ing ,  which  prevented  the  prec ip i ta t ion  of  a 
th i rd   phase .  Comparing th i s   w i th   F igu re  9 which  shows the   micros t ruc ture   o f  





Figure 8: O p t i c a l  Micrographs  of "as-cast" Co-25Mo-1OCr a l loy  
Etchent :   E lec t ro ly t ic  (5% H3P04, 95% H20)  

I 
Magnif icat ion:  750 
Figure 10: Optical   Micrograph  of  Co-25Mo-1OCr a l l o y   h i c h   h a s   b e e n  
aged a t  7OO0C f o r  50 h o u r s  i n  vacuum (lo-' T o r r ) ,  a f t e r  
commerieal  heat  t reatment  a t  120OoC f o r  60 hours and a i r  
cooled e 
Etchent:  Same as i n  Figure 8. 
N o t e  t h e  t h i r d  p h a s e  p r e c i p i t a t e s .  
Magnif icat ion:  750 
Figure 11: Optical  microgra h of  Co-25Mo-1OCr al loy which has  
been  aged a t  800 g C f o r   6 1   h o u r s   i n  vacuum Tor r ) ,  
a f t e r  commercial  heat treatment a t  1200' f o r  60 hours  
and a i r  cooled. 
Etchent : Same as i n  F i g u r e  8. 
Note more p r e c i p i t a t i o n  o f  t h e  t h i r d  p h a s e .  
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Magnif icat ion:  750 
Figure 1 2 :  Optical Micrograph of Co-25Mo-1OCr a l l o y  which  has  been 
commerc ia l ly  hea t  t rea ted  in  vacuum a t  120OOC f o r  60 hours 
and a i r  cooled. 
Etchent :  Same as i n   F i g u r e  8. 
Note t h e  two phase  s t ruc tu re ,  t he  coo l ing  rate i n  a i r  be ing  
s u f f i c i e n t  t o  p reven t  t he  p rec ip i t a t ion  of t he  th i rd  phase .  
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cooled ,  there  is a cons iderable  amount of a t h i r d  p h a s e  p r e c i p i t a t e d .  
Figures  10  and 11 are the   micros t ruc tures   o f   the   a l loy ,   aged  a t  700 C 
and 800°C respec t ive ly  and  shows t h e  p r e c i p i t a t i o n  o f  t h e  t h i r d  p h a s e  i n  
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d i f f e r e n t  s t a g e s ,  t h e  l a t te r  t reatment  having more of p r e c i p i t a t i o n .  
Figure 8 shows t h e  d e n t r i t i c  s t r u c t u r e  o f  t h e  "as-cast" a l l o y  w i t h  clear 
evidence of a th i rd  phase .  
The ternary  phase  diagram  of  Co-Mo-Cr has  not  been  completed  for 
t h e  c o m p o s i t i o n a l  r a n g e  o f  t h e  a l l o y s  o f  i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n .  
However, through the use of  a rather  complete  1200 C i so the rma l  s ec t ion  
and the completed Co-Mo binary phase diagram(35) , s u f f i c i e n t  e x t r a p o l a t i o n  
0 (38) 
can be accepted for  a r easonab le  in t e rp re t a t ion  of t h e  s t r u c t u r e  d a t a  ob- 
t a ined  from the   a l loy   under   inves t iga t ion .  The 120OoC i s o t h e m a l  s e c t i o n  
(Co-Mo-Cr) i n d i c a t e s  t h a t  t h e  (a Cobalt + p p h a s e )  f i e l d  e x i s t s  w i t h i n  t h e  
composition limits Co + 18 t o  55 Mo + 0 t o  12 C r .  The p phase from the 
binary system data  is given by the composi t ion Co Mo and accord ing  to  Lux 
e t  a l .  (39) ,  the  addi t ion  of  chromium g e n e r a t e s  s u b s t i t u t i o n  i n  t h e  p phase 
i n  t h e  form  of Co  Mo C r  where x v a r i e s  from  4.7 (lOOO°C hea t  t r ea tmen t )  
t o  5.2 (80OoC heat  t reatment)  and y varies from  1.74 t o  2 .5  respect ively.  
7 6  
7 X Y  
From the binary phase diagram of  Co-Mo (Figure 13) a t  25 w/o Mo, the  an- 
t i c ipa t ed  phases  upon cool ing from t h e  s o l i d u s  are a-Co ( s t a b i l i t y  r a n g e  
of  about  100°C), a-Co p lus  p-phase ( s t a b i l i t y  r a n g e  a b o u t  300OC) and E-CO 
p lus  Co Mo ( t o  room temperature  from  about 980 C ) .  There is some doubt 
about an unstable and unknown compound which e x i s t s  o n l y  i n  t h e  r a n g e  o f  




be  most d i f f i c u l t  t o  p l a c e  i n  t h e  a-Co s o l i d  s o l u t i o n  c o n d i t i o n  (T=130O0C) 
s ince  the  very  nar row range  of  a is a d j a c e n t  t o  t h e  l i q u i d u s  t e m p e r a t u r e  
(1350 C> ; and as a consequence, annealing a t  122OoC f o r  116 hours  accom- 
p l i shed  l i t t l e  more than p-phase particle refinement and composftional 
e q u i l i b r a t i o n .  The hardening  ef fec ts ,  i f  any ,  should  only  be  accounted  
for  th rough p phase  decompos i t ion  in  the  pe r i t ec t i c  r eac t ion  to  Co  Moo 
which would be expected t o  b e  v e r y  s l u g g i s h ,  a n d  a l s o  by t h e  a-Co -t E-CO 
(hexagonal)  transformation. The o b s e r v a t i o n s   o f   t h i s   i n v e s t i g a t i o n   b e a r  
out   these  expectat ions.   For   example,   none  of   the  heat   t reated  condi t ions 
have indicated a s i g n i f i c a n t  q u a n t i t y  o f  Co  Mo which i s  uniquely charac- 
t e r i z e d  by a s t r o n g  d i f f r a c t i o n  l i n e  a t  about 3.00 A' and a medium in ten-  
s i t y  l i n e  a t  2.546 ' (40) as i n d i c a t e d  i n  T a b l e  7. The p-phase,  on the  
other   hand,  i s  c l e a r l y  c h a r a c t e r i z e d  i n  a l l  the  samples ,  The i n a b i l i t y  
t o  p l a c e  t h e  a l l o y  i n  t h e  a so l id  so lu t ion  r ange  (wi thou t  j eopa rdy  to  the  
vacuum furnace due to  mel t ing) ,  immediately limits t h e  a b i l i t y  t o  u t i l i z e  
s o l i d  s ta te  p r e c f p i t a t i o n  as a hardening  reaction.  For  example,  annealing 
a t  122OoC f o r  116 hours  did not  vary the hardness  (R = 5053) of the Co-25Mo- 
l O C r  a l l o y s  s i g n i f i c a n t l y  a n d  so  was t h e  case a f t e r  a g i n g  a t  700' and 8OO0C 
f o r  50 and 61  hours  respec t ive ly  (Table  8 ) .  This was unl ike  what was observec 
by L u x  e t  a l e  (39) who found f o r  Co-20Mo-12Cr a l l o y ,  a hardness  value of  R =26 
a f t e r  s o l u t i o n  t r e a t m e n t  a t  120OoC f o r  100 hours and thereafter a i r  cool ing,  
which proved t o  d i s s o l v e  most  of  prec ip i ta tes  present  in  the  "as-cast" 
s t r u c t u r e .  The decrease  in  composi t ion  of  5 w/o Mo s h i f t s  t h e  1200'C s o l u t i o n  







. ." . .. . . ". . . . ._ .. ..__ . . . . " 








I I I 1 . .  
- -  I 
60 80 95 
0 20 40  60 80 100 
co ATOMIC PERCENT MOLYBDENUM Mo 
Figure 13: The cobalt-molybdenum  equilibrium  diagram, 
(Han~en(~~)) 
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of p phase and CoMo can be developed through an ordinary precipi ta t ion 
process ,  This is  evident   f rom  the i r   hardness   da ta :  
3 
Alloy  Condition 




Solu t ion  Trea ted  
(120OOC f o r   1 0 0   h r s .  and a i r  cooled)  26 
Aged  6OO0C, 100  hours 28 
Aged 8OO0C,  100  hours  50 
Aged 1000°C,  100 hours 50 
The h e a t  t r e a t i n g  time curves  a l so  presented  by Lux e t  a l .  (39)  ind ica te  
tha t  fu l l  hardness  can  be  deve loped  wi th in  10  hours .  
In  conclus ion ,  i t  was f e l t  t ha t  su f f i c i en t  ha rdness  cou ld  be  ach ieved  
i f  t h e  Mo concent ra t ion  was dec reased  to  22 w/o o r  less such  tha t  a s i g -  
n i f i c a n t  a-Co f i e l d  is a v a i l a b l e  below t h e  l i q u i d u s  t o  p e r m i t  s a f e  s o l u t i o n  
t reatment  (1250 - 1275 C)  and i n  t u r n  a l l o w  P r e c i p i t a t i o n  r e a c t i o n s ,  Q u i t e  0 
p o s s i b l y ,  t h e  numerous in t e rna l  c r acks  obse rved  in  the  Co-25Mo-1OCr a l l o y s  
were due to  the extreme hardness  developed by t h e  e u t e c t i c  p r e c i p i t a t e  p h a s e  
a t  o r  ve ry  nea r  t he  l i qu idus  (1340OC). I f  a l a r g e  s o l u t i o n  f i e l d  o f  rela- 
t i v e l y  s o f t  or d u c t i l e  a-Co were present  over  a wide temperature range, the 
excessive thermal  stresses on c o o l i n g  c o u l d  b e  r e l i e v e d  p r i o r  t o  t h e  i n i t i -  
a t i o n  of the  hardening  reac t ions .  This  would b e  i l l u s t r a t e d  by reducing 
the  Mo c o n t e n t  t o  a t  least  22 w/o, and a comparison of the  c rack  popula t ion  
i n  each case o u g h t  t o  c o n f i r m  t h e  p r e d i c t i o n .  I f  n o  i n t e r n a l  c r a c k s  are 
a v a i l a b l e ,  one ought  a lso to  expect  a s i g n i f i c a n t  i n c r e a s e  i n  f r a c t u r e  
s t r e n g t h  due t o - t h e  l o s s  o f  t h e  i n t e r n a l  stress concent ra t ions ,  i .e.  cracks.  
S t a t i c  a d h e s i o n  tests-were c o n d u c t e d  o n  t h i s  a l l o y  i n  u l t r a  h i g h  vacuum 
and presented by Chung. 
Apparatus: 
The adhesion experiments were conducted i n  a n  u l t r a  h i g h  vacuum appara tus  
which w a s  a l m o s t  i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  d e t a i l  by M c N i c h o l a ~ ( ~ ~ ) ~  The 
only  s igni f icant  change  was the  redes ign  of  the  adhes ion  cel l  t o  i n c l u d e  n e a r l y  
a l l  metal components. This modification was used  on ly  fo r  t he  s tudy  o f  Co-50Fe 
a l l o y  w h i l e  t h e  Co-25Mo-1OCr a l l o y  was inves t iga ted  wi th  the  o lder  des ign  of  
the adhesion c e l l  as descr ibed by  McNicholas. The redesigned adhesion cel l  is 
i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  14. The adhesion c e l l  w a s  cons t ruc ted  
from a 1-1/2" Varian double cross, a Varian cross and a Varian Tee, a l l  connected 
i n  series as i l l u s t r a t e d .  A t t a c h e d  t o  t h e  1-1/2" Varian double cross w a s  t h e  
d i f f u s i o n  pump vacuum system (P) which was connected through a 1-1/2" Tee 
va r i an  con t ro l  va lue  (N).  Other  a t tachments  to  the Varian double  cross  Include 
a t i t an ium subl imat ion  pump (E) and a Granvi l le  - P h i l l i p s  I o n  Gauge (F) 
mounted i n  l i n e  of s igh t  w i th  the  sample. One end of the Varian control  valve 
(N) was connected t o  a Granvi l le -Phi l l ips  1" UHV va lue  (M) which i s o l a t e d  t h e  
spec t rographica l ly  pure  a rgon  source  (L). 
One o f  t he  2mm x 25mm B-50Fe samples (A) was f ixed  as shown i n  F i g .  1 4 ,  
while the second w a s  mounted  on a ceramic support  rod (B) which formed one 
end of a to r s ion  ba lance  beam with e lectr ical  l eads  mounted as shown, The 
t o r s i o n  beam was supported on a 0.3 mm tungs ten  wire fixed between two 5 mm 
stainless steel rods forming a bracke t  which  in  turn  was welded t o  t h e  C o n f l a t  
f lange base of  the cel l .  The f l ange  a l so  suppor t ed  two e lectr ical  feed  through; 
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f o r  t h e  sample leads (C) .  A magnetic rod (J) was mounted  on t h e  t o r s i o n  
beam a t  the  end  oppos i t e  t he  sample  such  tha t  t he  pos i t i on  of t h e  t o r s i o n  
beam, i o e ,  the sample a t  t h e  end  of  the  tors ion  beam, could  be  pos i t ioned  
re la t ive t o  t h e  f i x e d  sample  by use of  an e x t e r n a l  magnet (H).  For  example, 
during argon ion bombardment (AIB) c leaning ,  as much as 25 mm sample separation 
cou ld  be  ach ieved ,  wh i l e  t o  in i t i a t e  an  adhes ion  cyc le ,  1 mm separa t ion  could  
be f ixed between the two, The t o r s i o n  beam was moved from t h e  f i x e d  1 mm 
sample  separa t ion  d is tance  in to  a known contac t  load  by i n c r e a s i n g  t h e  c u r r e n t  
i n  t h e  e x t e r n a l  s o l e n o i d  (K) which i n t e r a c t e d  w i t h  t h e  magnet (J) which was 
supported on t h e  end of  the tors ion beam by means of a s t r a i g h t  wire s t r a i n  
guage, The 0,023 mm t u n g s t e n  s t r a i n  guage was welded a t  each  end t o  2 mm 
s i l v e r  wire l eads  which were then welded to  the leads of  the through seal ( G ) ,  
The load between the samples was appl ied  a t  a l i n e a r  rate of about 1,5 
grams/min. by varying the 110 VAC i n p u t  t o  a DC power supply which provided 
cu r ren t  t o  the  so l eno id  ( K ) .  The DC power supply  with  110 VAC inpu t  was 
p rese t  t o  p rov ide  the  necessa ry  cu r ren t  fo r  t he  des i r ed  maximum con tac t  l oad  
between  the samples. The variac was then motor driven between 110-0-110 VAC 
such  tha t  the  DC ou tput  to  the  so lenoid  var ied  be tween the  prese t  maximum 
load and zero,  
The load  necessary  to  shear  the  s ta t ionary  magnet ic  force  f ix ing  the  
samples a t  t h e  p o s i t i o n  of 1 mm sepa ra t ion  was a v a i l a b l e  t o  p r o v i d e  a t e n s i l e  
f r a c t u r e  f o r c e  when the unloading cycle  was complete, The zero load contact  
po in t  was determined as t h a t  p o i n t  a t  which the  con tac t  r e s i s t ance  va r i ed  
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Figure 14:  Adhesion Cell. 
t ba  100 KQ scale. A Sanborn  transducer-amplifier (No. 312) was used i n  
conjunct ion with the s t ra in  guage to  monitor  the impressed loads which 
rarely  exceed  four  grams. The output  of  the  t ransducer  provided  an  input  
t o  the  x -ax i s  o f  t he  x-y recorder .  The s t r a i n  guage system was c a l i b r a t e d  
i n  grams by removing the f ixed upper  sample and replacing i t  with a d i f f e r -  
en t i a l  t r ans fo rmer  t r ansduce r  which had been calibrated in grams, The 
sens i t iv i ty  of  the  force  measur ing  sys tem was wi th in  +0.01 gram, 
The con tac t  resistance measur ing  c i r cu i t  is shown i n  F i g u r e  15. The 
contact resistance between the samples was d e t e c t e d  c o n t i n u o u s l y  u t i l i z i n g  
a L & N Precision Kelvin Bridge with a Keithley nanovoltmeter (No. 148) as 
a nu l l  i nd ica to r .  Vo l t age  impressed  ac ross  the  con tac t  resistance was s ix  
m i l l i v o l t s  (open c i r c u i t )  which was well w i t h i n  t h e  limits, d iscussed  by 
M c N i ~ h o l a s ' ~ ~ ) ,  t o  p r e v e n t  c o n t a c t  b u r n i n g .  The output  of t h e  n u l l  i n d i -  
c a t o r  w a s  used as t h e  i n p u t  t o  t h e  "y" func t ion  of  an  x-y r eco rde r  and 
ind ica t ed  the  va lues  o f  con tac t  r e s i s t ance .  Th i s  was accomplished by  ad- 
j u s t i n g  t h e  b r i d g e  r e s i s t a n c e  s u c h  t h a t  a t  maximum load ,  i.e. minimum re- 
s i s t a n c e ,  t h e  n u l l  i n d i c a t o r  i n d i c a t e d  a ba lance  poin t  or  no  cur ren t  f low.  
Any dev ia t ion  from t h e  n u l l  p o i n t  i n  a p o s i t i v e  d i r e c t i o n  i n d i c a t e d  a 
h ighe r  con tac t  r e s i s t ance  which was c a l i b r a t e d  o v e r  t h e  e n t i r e  r a n g e  by 
s u b s t i t u t i o n  of secondary  s tandards  d i rec t ly  i n  p l ace  of the  c rossed  wire 
samples. NBS pr imary s tandards of 0.01  and  0.10 ohms were s i t u a t e d  i n  the  
c i r c u i t  t o  e n a b l e  a pe r iod ic  check  o f  t he  appa ra tus  to  the  x-y record., 
Procedures 
The Co-50Fe samples ,  subjected to  the t reatment  ment ioned earlier, were 
mounted i n   t h e   a d h e s i o n  cell ,  t he   sys t em  evacua ted   t o   be low  10   Tor r  and 
t h e  4OO0C, t en  hour  bake-out  cyc le  in i t ia ted .  Af te r  bakeout  and  a thorough 
ou tgass ing  o f  t he  ion i sa t ion  guage f i laments ,  sorpt ion pump and samples e.g. 
ambient  pressure  below  10  Torr. a t  900 C ,  the  system  pressure  remained 
s t a t i c  a t  about 3 x lo-’ Torr. About  50 adhesion cycles,  e.g.  zero load - 
peak load - f r ac tu re ,  u t i l i z ing  these  unc lean  (wi thou t  a rgon  ion  bombardment) 
Co-50Fe samples, were generated.  
-6 . 
-8 0 
Spectrographical ly  pure argon was then  admi t ted  to  the  sys tem to  a 
p r e s s u r e  i n  t h e  r a n g e  o f  5 x 10  Torr,   and  argon  ion bombardment (AIB) 
cleaning of  the sample surfaces  was i n i t i a t e d  by p lac ing  a DC p o t e n t i a l  
-4 
of  about  500  volts  between  the  samples (-) and t h e  p l a t e .  A c u r r e n t  
about 0.2 ma/mm was maintained on each  sample  for  a t  least  one h a l f  





the samples were again annealed above 900°C f o r  a t  least half  an hour  each 
t o  remove adsorbed gases  and surface defects .  A I B  cleaning  and  annealing 
cyc les  were then  a l te rna t ive ly  used  unt i l  samples  were c lean ,  e . g .  c.f. 
Keller - McNieholas (13) e About 150 adhesion cycles e.g.  zero load - peak 
load - f r a c t u r e ,  u t i l i z i n g  c l e a n  Co-50Fe samples were r e c o r d e d  f o r  d i f f e r e n t  
loads,  Adhesion runs of  c lean surfaces  were reco rded  a f t e r  a rgon  ion  bom- 
bardment i n  a r g o n  and a f t e r  e v a c u a t i o n  of t h e  a r g o n  t o  u l t r a  h i g h  vacuum 
(UJlV) and sample anneal to a t  least 900 C. 0 
For  the  ana lys i s  of the  adhes ion  da ta  for  the  unc lean  Co-50Fe samples, 
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Figure 15: R e c o r d i n g   C i r c u i t  
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(i.e. without  Argon ion  bombardment and only thermal  degassing)  the assumption 
was made t h a t  o n e  s t r a i n  guage unit is  approximately equal  to  one gram, w i t h i n  
a lo,% e r r o r ,  s i n c e  p r e c i s e  c a l i b r a t i o n  of t h e  s t ra in  guage u n i t s  i n t o  grams had 
t o  b e  made only af ter  experiments were completed  and t h e  cel l  disassembled. The 
adhes ion  da ta  for  the  c leaned  samples  (a f te r  AIB)  were a n a l y z e d  a f t e r  p r e c i s e  
c a l i b r a t i o n  o f  t h e  s t r a i n  g u a g e  u n i t s  i n t o  grams. It w a s  found t h a t  o n e  s t r a i n  
guage u n i t  is equivalent  to  0 .92 grams. 
The r e s i s t i v i t y  v a l u e  o f  t h e  Co-50Fe t o  b e  i n s e r t e d  i n t o  e q u a t i o n  15 w a s  
t aken   t o   be   t he   we igh ted   ave rage   o f   t he   bu lk   r e s i s t i v i t i e s   o f  Co and Fe , 
which is 8 pn-cm. 
(31) 
Tables 9 and 10 give the data from two of t h e  many adhes ion  runs  u t i l i z ing  
Co-50Fe couples which were thermally degassed but  not argon ion cleaned.  The 
observed  res i s tance  - load curves are shown in Figures  16 and 17 and t raced from 
the  o r ig ina l  r eco rd ing .  F igu res  19  and 20 show t h e  s t a t i c  a p p a r e n t  stress versus 
s t r a in  cu rves  p lo t t ed  fo r  t he  adhes ion  runs  shown in  F igu res  16  and 17 respec- 
t i ve ly .   F igu res  22 t o  28 r ep resen t  s ta t ic  adhes ion   apparent   s t ress -s t ra in   curves  
for  seven  of t h e  most representa t ive  adhes ion  runs  under  var ious  c leaning  condi t ions  
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RESULTS AND DISCUSSION 
Cobalt - 50% I r o n  
Our d i scuss ion  w i l l  beg in  wi th  the  in t e rp re t a t ion  of t h e  s ta t ic  adhesion 
appa ren t  s t r e s s - s t r a in  cu rves  as determined from the contact  res is tance vs. 
load  record ings ,  A t y p i c a l  p l o t  i n  F i g u r e  18 i l l u s t r a t e s  t h a t  a f t e r  i n i t i a t i o n  
of phys i ca l  con tac t  a t  zero stress and as the  load  is increased,  the curve shape 
t o  t h e  peak compressive stress i d e n t i f i e s  how the  mul t i t ude  of a s p e r i t i e s  are 
a v a i l a b l e  t o  s u p p o r t  t h e  l o a d  t o  a bulk  e las t ic  manner, i.e. t h e  i n t e r f a c i a l  
p l a s t i c i t y  h a s  d e c r e a s e d  m d  area expansion is due t o  an elastic response of 
the bulk.  Consider ing Figure 18, throughout  the  inves t iga t ion  of several metal 
sys t ems ,  con tac t  f r ac tu re  from the peak stress g e n e r a l l y  f a l l s  i n t o  one  of t h e  
th ree  ca t egor i e s  ske tched  as cases A ,  B and C i n  F i g u r e  18. Each case is a 
response of t h e  real con tac t  area t o  t h e  r e l e a s e d  elastic stresses i n  t h e  
in te r face  sys tem.  In  case A ,  f o r  example,  the real contac t  area changes  only 
by t h e  v a r i a t i o n  d u e  t o  e las t ic  recovery of t h a t  area, t h a t  is the  s lope  of 
the curve from peak stress t o  t h e  t e n s i l e  y i e l d  p o i n t  is t h e  E l a s t i c  Modulus 
o f  t he  material. The t e n s i l e  p a r t  o f  t h i s  c u r v e  is t h e  s t a n d a r d  s t r e s s - s t r a i n  
diagram of t h e  work hardened metal, wi th  a y i e l d  p o i n t  a n d  f r a c t u r e  stress, 
In  the  even t  t he  metallic contac t  area is  s p e c i f i c a l l y  o r i e n t e d ,  f r a c t u r e  
s e n s i t i v e  t o  t h e  severe no tches  in  the  con tac t  zone  o r  con tamina ted  wi th  a 
b r i t t l e  p h a s e ,  t h e  b u i l d  up of e las t ic  stress as the  load  i s  re l eased  may 
become s u f f i c i e n t  t o  p e r m i t  a crack to  propagate  and thus reduce the real 
contac t  area, This would be evidenced by a d e c r e a s e  i n  s t r a i n  which exceeds 
tha t  dec rease  rate p red ic t ed  by t h e  Elastic Modulus. Case B i l l u s t r a t e s  a 
s i t u a t i o n   i n  which t h e  i n t e r f a c e  w i t h s t a n d s  a f r a c t i o n  of p re s su re  release 
p r i o r  t o  f r a c t u r e  i n i t i a t i o n  a n d  t h e  r e m a i n i n g  material providing some tensile 
s t r eng th .  Case C,  however, i l l u s t r a t e s  an e x t r e m e  s i t u a t i o n  i n  which nea r ly  
a l l  o f  t he  elastic con tac t  is recovered as t h e  p r e s s u r e  is re leased .  This  case 
is representa t ive  of  a good bear ing  material from the  s t andpo in t  of adhesion; 
Case A is the  d iamet r ic  oppos i te ,  s ince  tangent ia l  mot ion  can  only  serve t o  
inc rease  the  con tac t  area, i .e. i n c r e a s e  t h e  s t r a i n  and  improve the welded 
junc t ion .  
Figures 19 and 20 i l l u s t r a t e  t he  appa ren t  compress ive  stress vs. s t r a i n  
curves  as determined from the contact  res is tance vs. load recordings of  Co-50Fe 
crossed  rods.  The s t r a i n  v a r i a t i o n  r e p r e s e n t s  t h e  t r u e  area change  during con- 
t ac t  due t o  t h e  c o l l a p s e  of a s p e r i t i e s  as t h e  stress increases .  During loading,  
t h o s e  a s p e r i t i e s  c o n s t i t u t i n g  t h e  area of  contact  are deformed p l a s t i c a l l y  and 
a rap id  expans ion  in  area is  obse rved  un t i l  a po in t  is reached whereupon the 
bulk material suppor ts  a major  f rac t ion  of  the  impressed  load  e las t ica l ly ,  
Each of t he  con tac t  j unc t ions ,  t he  number of which rapidly approaches an 
average value of 30 f o r  t h i s  s y s t e m  d u r i n g  l o a d i n g  below the bulk elastic 
limit, is considered as a region  of  continuous metal. During  unloading,  these 
contac ts  exper ience  elastic re l ie f  fo l lowed by n o r m a l  t e n s i l e  f r a c t u r e  be- 
havior .  The compression  of  crossed wires of Co-50Fe sub jec t ed  on ly  to  the rma l  
degassing (and not as y e t  Argon ion  bombardment) very closely resembled a 
s ta te  of  near  a tomic  c leanl iness  as is evident from Figures 19 and 20. The 
obse rved  da ta  suppor t s  t he  a spe r i ty  in t e rac t ion  model i n  t h a t  t h e  a p p a r e n t  
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Figure 18: Static  Adhesion Apparent  Stress-Strain Diagram, 
plas t ic  deformat ion  (h igh  s t ra in)  upon loading which is continued over 
most of the  range of  appl ied load.  The d a t a  s u g g e s t s  t h a t  severe defor- 
ma t ion  o f  t hese  a spe r i ty  junc t ions  occur s  be fo re  the  load  is s u b s t a n t i a l l y  
b o r n e  e l a s t i c a l l y  by the  bu lk  material as represented  by t h e  v e r y  s t e e p  
por t ions  of  the  curve  a t  h i g h  s t r a i n  v a l u e s  (i.e. 90% s t r a f n  and 130% s t r a i n  
in  F igu res  19  and  20 r e spec t ive ly ) .  The s l o p e s  i n  t h i s  p o r t i o n  are n e a r l y  
t h a t  o f  Elastic Modulus f o r  Co-50Fe, i.e. 28 x 10   p . s . i .   Another   in te res t ing  
f e a t u r e  was tha t  the  welded  junc t ion  separa ted  by what appears to be a d u c t i l e  
f r a c t u r e  as is evidenced by the tensi le  port ions of  curves  19 and 20. Also,  
in  F igures  16  and  1 7  i t  is seen  tha t  t he  con tac t  r e s i s t ance  inc reases  s lowly  
i.e. contac t  area decreases  as t h e  t e n s i l e  r e g i o n  is reached, which is charac- 
terist ic of a d u c t i l e  f r a c t u r e .  Two p laus ib l e  exp lana t ions  are evident  de- 
pending on the exact s ta te  of  the  sur face  contaminat ion  a t  t h e  i n s t a n t  o f  
f racture .  I f  no contaminants  were present  in  the  in te r face  sys tem,  one  might  
6 
a rgue  tha t  the  severe metal working developed by preforming mult icontaets  
and f r a c t u r e s  would develop a r a the r  h igh  concen t r a t ion  of d e f e c t s  i n  the  
con tac t  r eg ion  (10 p ) such  tha t  duc t i l e  f r ac tu re  cou ld  be  promoted. The 2 
i n i t i a l  c o n t a c t  o f  t h e  same area of  an  ex tens ive ly  annea led  s ingle  crystal 
surface on the other  hand,  might  not  provide a s u f f i c i e n t  number o f  de fec t s  
t o  p e r m i t  d u c t i l e  f r a c t u r e ,  a n d  as a consequence could fracture  in  a b r i t t l e  
manner, though no such f r a c t u r e  w a s  obse rved  in  any  o f  t he  f i f t y  s ta t ic  ad- 
hes ion  runs  taken  af te r  ex tens ive  degass ing  (annea l ing)  of  the  samples .  
This  could most  probably be due to  the very large number o f  d i s loca t ions  
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Figure 19: Static Adhesion Apparent Stress vs. Strain Diagram for Unclean Co-SOFe, 
Maximum load: 1.3 grams, Minimum resistance: 18.9d. 
























Figure 20: Stat ic  Adhesion Apparent Stress us, S t r a i n  Diagram for Unclean Co-50Fe, i n  
U.H.V. and a t  Room Temperature. 
Maximum load:  1.5 grams 
Minimum resistance: 16.7 mR 
and tha t  the  degass ing  per formed was i n s u f f i c i e n t  t o  b r i n g  t h e  d i s l o c a t i o n  
concent ra t ion  low enough t o  f o s t e r  a b r i t t l e  f r a c t u r e .  Of course ,  the  poss i -  
b i l i t y  o f  o t h e r  d e f e c t s  a i d i n g  i n  a d u c t i l e  f r a c t u r e  is not  over ru led .  One 
o u g h t  t o  n o t e  t h a t  e x t r e m e l y  b r i t t l e  n a t u r e  o f  Co-5OFe  may a l so  appea r  t o  cause  
the  con t inuous  f r ac tu re  of t h e  i n t e r f a c e  as the  load  is re l eased .  In  the  
case of Fe-8 ppmC one would expect a ve ry  duc t i l e  f r ac tu re ;  however ,  i n  a 
v e r y  b r i t t l e  material such as Fe-50Co one would suspect  that  the area could 
be  dec reased  by  mic ro  b r i t t l e  f r ac tu res  o f  each  ind iv idua l  a spe r i ty .  This 
t echnique  cannot  sor t  ou t  the  two types.  
I f ,  on the  o the r  hand ,  t he  su r faces  are subjec t  to  any  degree  of  con- 
t amina t ion  in  excess  o f  a f r a c t i o n  o f  a monolayer, a new l i n e  o f  r e a s o n i n g  
might  have t o  b e  s u b m i t t e d .  S i n c e  s u r f a c e  c h a r a c t e r i z a t i o n  t o  t h i s  f i n e  a 
degree i s  well beyond the  usefu lness  of  cons t r ic t ion  res i s tance  measurements  
and  the  scope  o f  t h i s  i nves t iga t ion ,  de t a i l ed  conc lus ions  o f  t h i s  so r t  would 
have  to  r ema in  un t i l  more e labora te  exper iments  are performed, 
The fac t  t ha t  t he rma l  degass ing  a lone  o f  t h i s  a l loy  sys t em p roduced  con- 
tact  r e s i s t a n c e  vs. load data  which i s  q u i t e  similar t o  t h a t  o f  u l t r a  c l e a n  
i r o n  (14’ (argon  ion  cleaned) was somewhat s u r p r i s i n g .  F i r s t l y ,  t h e  c o n t a c t  
r e s i s t a n c e  a t  a load of 1.3 grams was about 18 milliohms; and one would ex- 
pec t  wi th  the  presence  of  an  oxide ,  f o e .  before  argon ion cleaning,  a resis- 
t ance  va lue  in  excess  o f  50 mi l l iohms,  Secondly ,  the  overa l l  s lope  of  the  
Co-50Fe curve is q u i t e  similar t o  t h a t  o f  u l t r a  c l e a n  i r o n  (14’ and the cleaned 
Co-50Fe samples  presented later.  A poss ib l e   exp lana t ion  is as fo l lows:   the  




2 co + o2 = 2 coo 
2 Fe + O2 = 2 FeO 
4 Fe + 3 O2 = 2 Fe203 
6 Fe + 4  O2 = 2 Fe 0 3 4  






Thus f rom the  s tandard  f ree  energy  of  format ion  of  ox ides  as a func t ion  
of , i t  is clear t h a t  a t  the  emperature  of degassing,   only 
t h e  o x i d e s  o f  F e  are s t a b l e  and t h a t  COO is reduced t o  t h e  metallic s ta te  
because  the  f r ee  ene rgy  o f  fo rma t ion  o f  COO is g r e a t e r  (more p o s i t i v e )  t h a n  
t h a t  of  any  oxide  of Fe. The fo l lowing  reac t ion  could  be  pred ic ted :  
COO + Fe -+ Fe 0 + Co 
X Y  
(19 1 
The oxides thus formed must i n  t u r n  b e  e i t h e r  d i f f u s e d  i n t o  t h e  Co-50Fe 
l a t t i ce  or  covered  wi th  cobal t  s ince  the  contac t  res i s tance  observed  is t h a t  
which  would  be  pred ic ted  for  u l t ra  c lean  metal. Since oxygen  does  not  appear 
t o  b e  a t  t h e  s u r f a c e  a n d  i t  was present  before  the  exper iment  (exposure  to  
atmosphere),  it must  have  d i f fused  in to  the  l a t t i ce  combining with the iron 
and l eav ing  coba l t  a t  t h e  s u r f a c e ,  The s u r f a c e  t e n s i o n  of Co and Fe are 
n e a r l y  i d e n e t i c a l ;  t h u s  a p re fe ren t i a l  su r f ace  concen t r a t ion  o f  e i the r  canno t  
be p red ic t ed ,  
The ox ide  cons ide ra t ion  ju s t  deve loped  i s  one poss-fbfli ty,  and a second 
could be based on t h e  fac t  tha t  t he  ox ide  is e l ec t ron ica l ly  conduc t ive  and 
p l a s t i c  i n  n a t u r e  as is  the  f i lm which  is formed by chemisorbed hydrogen on 
i r o n  (14) The argon ion cleaning of  these samples  and a compara t ive  ana lys i s  
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shou ld  e l imina te  one  o f  t he  poss ib i l i t i e s .  
The e s t ima ted  f r i c t ion  behav io r  o f  t hese  materials is based on an 
analysis  developed by McFarlane and Tabor ( 4 3 )  which  sugges ted  tha t  in te r -  
f a c i a l  s t r a i n  and t h e  c o e f f i c i e n t  o f  f r i c t i o n  are c l o s e l y  r e l a t e d .  Com- 
p a r i n g  t h e  c o n d i t i o n  f o r  p l a s t i c  e q u i l i b r i u m  i n  t h e  c o n t a c t  area (as pro- 
posed by McFarlane and Tabor) with the apparent compressive interfacial 
s t r a i n  as developed by Keller and Tsai ( 4 4 )  
2 A  2 1 + a p  = (x) 
0 
where a = a constant with values between 3 and 11 and p = c o e f f i c i e n t  o f  
f r i c t i o n .  
Since 
~ ' 2 % ;  RO 
R 
0 
then w e  may write:  
F igu re  21  dep ic t s  t h i s  r e l a t ionsh ip  and  c l ea r ly  ind ica t e s  t ha t  as s t r a i n  
developed i n  t h e  c o n t a c t  r e g i o n  is increased ,  i.e. as t h e  t r u e  area of 
metallic con tac t  expands ,  t he  coe f f i c i en t  o f  f r i c t ion  w i l l  s i m i l a r l y  b e  
inc reased ,  F r i c t ion  i s  t h u s  d e f i n e d  i n  terms of  the  a t t rac t ive  f o r c e s  
deve loped  across  the  in te r fac ia l  zones  cons t i tu t ing  the  t rue  area sup- 
por t ing  the  load ,  and  is consis tent  with previous models  of f r i c t i o n  ( 2 9 )  
I n  t h e  case of metals, as w e  have  d iscussed ,  these  areas are measured and 
r e l a t e d  t o  t h e  f r i c t i o n  p r o c e s s  s i n c e  o n l y  c o n d u c t i v e  areas are monitored., 
Figure 21: Variation of the Coefficient of Friction with Interfacial Strain. 
For  example ,  s ince  the  f r i c t ion  p rocess  invo lves  a f r a c t u r e  p r o c e s s  
which is dependen t  on  the  app l i ed  o r  r e s idua l  stresses as t h e  l o a d  is re- 
leased ,  one  examines  the  load- re lease  por t ion  of  the  apparent  s t ress -s t ra in  
diagram a t  an  appropr i a t e  ope ra t ing  stress level. The corresponding  measured 
s t r a i n  v a l u e  i s  t h e n  i n s e r t e d  i n  E q u a t i o n  22 (Figure 21) which is  used t o  
p red ic t   t he   va lue   fo r   t he   coe f f i c i en t   o f   f r i c t ion .   Us ing   Buck ley ' s   con f igu -  
r a t ion (46) ,  fo r  example ,  a Co-50Fe p in  of  3 /8  in .  d iameter  loaded  on  a p l a t e  
o f  similar material t o  125 grams, would develop 71,100 p . s . i .  con tac t  stress 
(Hertz(45)).  Under u l t r a  h i g h  vacuum cond i t ions  o f  t h i s  expe r imen t ,  t hese  
values (from Figures 1 9  and 20) correspond t o  about 1.00 and  1 .41  s t r a in  
units respec t ive ly ,  wh ich  f rom F igure  21  ind ica t e s  Coef f i c i en t  o f  f r i c t ion  
c o e f f i c i e n t  v a l u e s  i n  t h e  r a n g e s  0.74 t o  1.42 and 1.16 t o  2.22 r e s p e c t i v e l y  
depending on the value of  a* t aken  (11  or  3) .  T h i s  a g r e e s  f a i r l y  well with 
t h e  same ope ra t ing  con tac t  stress level,  as 1.2 and 1 . 3  fo r  t he  o rde red  and  
d i s o r d e r e d  s t r u c t u r e s  of Co-50Fe r e s p e c t i v e l y .  A glance  a t  Table 18 g i v e s  
o n e  a n  i d e a  o f  t h e  r a n g e  i n  w h i c h  t h e  c o e f f i c i e n t  o f  f r i c t i o n  (p) l ies ( f o r  
a = l l  and 3) fo r  va r ious  su r face  cond i t ions ,  and  un t i l  a s u i t a b l e  v a l u e  f o r  a 
f o r  t h i s  s y s t e m  is assumed, w e  c o u l d  o n l y  s a y  t h a t  t h e  c o e f f i c i e n t  o f  f r i c t i o n  
is about  1.3k0.5. From the  s t andpo in t  o f  adhes ion ,  t he  Co-50Fe a l l o y  d o e s  n o t  
seem t o  b e  a good bear ing  material a s  is  evidenced by a f a i r l y  h i g h  c o e f f i c i e n t  o f  
f r i c t i o n  and from t h e  f a c t  t h a t  t h e  i n t e r f a c e  w i t h s t a n d s  o n l y  a f r a c t i o n  of 
p r e s s u r e  r e l e a s e  p r i o r  t o  f r a c t u r e  i n i t i a t i o n  a n d  t h e  r e m a i n i n g  m a t e r i a l  p r o v i d i n g  
* The v a r i a b l e  a e s t a b l i s h e d  by McFarlane and Tabor has been more r e c e n t l y  
defined by Kragalski ( 4 7 )  as a funct ion of  stress concen t r a t ion  due  to  
sur face   roughness  e 
some t e n s i l e  s t r e n g t h .  From the  s tand  poin t  of  adhes ion ,  a good bear ing  
material shou ld  exh ib i t  a c o n d i t i o n  i n  which n e a r l y  a l l  o f  t he  elastic con- 
tact i s  recovered as t h e  p r e s s u r e  is released.  The above  argument  applies 
t o  a l l  the remaining s ta t ic  adhesion apparent  stress-strain curves  presented  
i n  F i g u r e s  22-28 f o r  Co-50 Fe. 
A s e l e c t e d  number of adhes ion  cyc les  under  d i f fe ren t  sur face  condi t ions  
were reduced  to  apparent  compress ive  s t ress -s t ra in  curves  as i l l u s t r a t e d  i n  
F igures  22-28 t o  i l l u s t r a t e  t h e  s a l i e n t  f e a t u r e s  of  each  condition. A t  least  
t en  sepa ra t e  cyc le s  fo r  each  of t h e  cond!.tions were examined and one o r  more 
of  the  most r e p r e s e n t a t i v e  were included herein.  One  common f e a t u r e  f o r  a l l  
sur face  Condi t ions  w a s  t h a t  t h e  f r a c t u r e  of the  adhes ion  junc t ions  were of 
the cont inuous type.  
Code-1, S e r i a l  No. 1: Argon ion  c l eaned  fo r  s ix  cyc le s  o f  15 minutes  each. 
Adhesion  run  conducted in  an argon atmosphere and room temperature. There 
was a time i n t e r v a l  of three days between cleaning and experimentation, 
(Figure 22).  
The a p p a r e n t  s t r e s s - s t r a i n  c u r v e  i n  t h i s  case can  be  represented  by 
a curve which extends to a p o i n t  i n  e x c e s s  of  100% s t r a i n  t o  135%, The 
s l o p e  of t he  load ing  po r t ion  o f  t h i s  cu rve  a t  some poin t  above  100% s t ra in  
a b r u p t l y  i n c r e a s e s  t o  a v a l u e  i n  t h e  r a n g e  1 - 9 0  x 10 
abou t  t he  va lue  o f  t he  elastic modulus r e p o r t e d  f o r  Co-50 Fe  (28 x 10 pes .  io)  
12 dynes 
2 which i s  
6 c m  
The maximum s lope  of  the  curve  as the  load  i s  released also approaches 1.90 x 
10 9 . The cu rve   i nd ica t e s   r eg ions  of a s p e r i t y   c o l l a p s e  as well as 
c m  
r e g i o n s  i n  which t h e  s l o p e  is t h e  same as the  elastic modulus of Co-50 Fe. 
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Figure 22: S t a t i c  Adhesion  Apparent  Stress vs. S t r a i n  Diagram €or  Co-SOFe, i n  
an Argon Atmosphere and a t  Room Temperature. 
Maximum load: 0.9 grams 
Minimum res i s tance :   31 .3  mQ 
The in te rpre ta t ion  of  these  curves  fo l lows  a long  the  ana logy  c i ted  i n  t h e  
prev ious  paragraphs  ( for  the  two adhesion runs a f t e r  t he rma l  degass ing  on ly )  
i n  which t h e  i n i t i a l  c o n t a c t  i n v o l v e s  few a s p e r i t i e s  and a l a rge  r ange  of 
a s p e r i t y  c o l l a p s e  until the  load  can  be  suppor t ed  e l a s t i ca l ly  by the  bu lk  
system.  The j u n c t i o n  f r a c t u r e  s f  most of t h e  tests i n  t h i s  case was by 
what is termed continuous as evidenced by t h e  t e n s i l e  p o r t i o n  o f  t h e  c u r v e  i n  
Figure 22 ,  S ince  the  tes t  f o r  t h i s  case w a s  conducted i n  an argon atmos- 
p h e r e  ( a f t e r  A I B ) ,  t h e  Ro 81in, va lue  has  increased  from 18 ms2 i n  t h e  case 
of  thermal  degassing alone,  to  about  31 ma. This  could possibly be explained 
by the presence of  adsorbed argon (most u n l i k e l y )  o r  one could argue that 
t h e  severe e f f ec t s  o f  a rgon  fon  bombardment similar t o  r a d f a t f o n  damage, 
would develop a r a the r  h igh  concen t r a t ion  of d e f e c t s  a t  the contact  point . ,  
Re fe r r ing  to  F igu re  18 which  shows th ree  typ ica l  ca ses ,  A ,  B and C for 
the  behavior  of  the  apparent  stress-strain curves af ter  i n i t i a t i o n  o f  p h y s i c a l  
contac t  a t  ze ro  s t r e s s - s t r a in  and  as the  load  i s  increased ,  i t  is  s e e n  t h a t  
the  curves  in  Ffgures  22 to 28 correspond to  case B which i l l u s t r a t e s  a s i t u -  
a t i o n  i n  which the  in t e r f ace  wi ths t ands  a f r a c t i o n  of p re s su re  release p r i o r  
t o  f r a c t u r e  i n i t a t f o n  and the remaining material providing some t e n s i l e  s t r e n g t h .  
This  is evidenced by a d e c r e a s e  i n  s t r a i n  which exceeds that decrease rate 
p red ic t ed  by  Young's  Modulus, This  happens  in  the  event  the  metallic con tac t  
area is f r a c t u r e  s e n s i t i v e  t o  t h e  s e v e r e  n o t c h e s  i n  the  con tac t  zone  o r  con- 
taminated with a b r i t t l e  p h a s e ,  a n d  t h e  b u i l d  up of e las t ic  stress as the load 
is re l eased  may become s u f f i c i e n t  t o  p e r m i t  a c rack  to  p ropaga te  and thus 
reduce  the  real area of  contac t .  
I 
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It is s e e n  t h a t  t h e  a p p a r e n t  s t r e s s - s t r a i n  c u r v e  i n  F i g u r e  22 is  similar 
to  those  curves  in  F igures  19  and  20 i n  which t h e  Co-50Fe samples were only 
thermally degassed and not a rgon  ion  c l eaned  ( c . f  ea r ly  po r t ions  o f  t h i s  
sec t ion) ,  There  were two poss ib l e  exp lana t ions  g iven  fo r  t he  obse rva t ions  
in  F igures  19  and  20. One was t h a t  oxygen p resen t  on  the  su r face  of Co-5OFe 
must have d i f f u s e d  i n t o  t h e  l a t t i ce  combining with iron and leaving the cobalt  
a t  t h e  s u r f a c e ,  t h e  p r e f e r e n t i a l  c o n c e n t r a t i o n  o f  e i t h e r  b e i n g  u n p r e d i c t a b l e .  
The second possible  explanat ion was tha t  t he  ox ide  is e l ec t ron ica l ly  conduc t ive  
and p l a s t i c  i n  n a t u r e ,  similar t o  t h e  f i l m  formed by chemisorbed hydrogen on 
i ron(14) .  The lat ter p o s s i b i l i t y  i s  el iminated after the  experiments  conducted 
a f t e r  a r g o n  i o n  bombardment, where one could be f a i r l y  s u r e  t h a t  n o  s i g n i f i c a n t  
amount of f i l m ,  save a f r a c t i o n  o f  a monolayer, would remain on the  su r face .  
The c o e f f i c i e n t  o f  f r i c t i o n  c a l c u l a t e d  on the basis  of  the data  of  McFarlane 
and Tabor(43) was found t o  b e  i n  t h e  r a n g e  o f  0.95 t o  1.81 f o r  a values  of  11 
and 3 respec t ive ly .  
Code C-5, Serial No. 8: Argon ion cleaned for  e ight  cycles  of  15 minutes  each.  
Thereaf ter  annealed (1 cycle)  a t  about 900°C f o r  30 minutes.  Adhesion test 
conducted i n  UHV and a t  room temperature.  Figure 23. 
Tsai ( I 4 )  observed that without exception, the second contact cycle,  or 
t h i r d  o r  f o u r t h ,  e t c .  on t h e  same c o n t a c t  s p o t  i n  which t h e  d a t a  of i n i t i a l  
contac t  was obtained, developed an apparent stress-strain curve which was s ig-  
n i f i c a n t l y  d i s p l a c e d  t o  a lower s t r a i n  v a l u e .  The apparent  s t ress -s t ra in  curve  
in  F igu re  2 3  has  a maximum s t ra in  of  on ly  100% and the  break  to  a s t eepe r  s lope  
occurs  around 60% s t r a in .  Th i s  cu rve  and  the  appa ren t  s t r e s s - s t r a in  cu rve  in  
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Figure 25 are the  on ly  ones  wh ich  have  the  in i t i a l  s lope  somewhat l a r g e r  
than a l l  t he  o the r  cu rves  p re sen ted  for  th i s  sys tem,  though the  apparent  
s t r e s s - s t r a i n  c u r v e  i n  F igure  25 h a s  a maximum s t r a i n  of about 170% (the 
curve i n  Figure 25 w i l l  b e  d i s c u s s e d  s e p a r a t e l y ) .  T h i s  l a r g e r i n i t i a l  s l o p e  
was a lso  observed  by Tsai (14) f o r  m u l t i p l e  c o n t a c t s  , e.g the same con tac t  
area contacted several times in  success ion .  F igu re  2 3  is d e f i n i t e l y  n o t  t h e  
d a t a  o b t a i n e d  f o r  i n i t i a l  c o n t a c t  and i t  is no t  poss ib l e  to  say  whe the r  it 
dep ic t s  t he  second  o r  t h i rd  etc. con tac t  cyc le ,  as t h e s e  d e t a i l s  were n o t  
noted 
The s lope  of the curve around 80% t o  90% s t r a i n  is about 4.2 x 10 10  dynes 
cm 2 
which is one t o  two magnftudes less t h a n  t h e  E l a s t i c  Modulus f o r  t h e  material 
(190 x l o l o  e) , whereas i t  approaches the Elastic Modulus during unloading. 
The c o e f f i c i e n t  o f  f r i c t i o n  i n  t h i s  case is i n  t h e  r a n g e  0.57 t o  1.10 
2 
CUI 
depending on whether a = 11 o r  3 ,  This lower range of p is to  be  expec ted  
because of t he  low s t ra ins  deve loped  wi thfn '  the  material. 
Code C-6, S e r i a l  No., 13: A I B  8 cyc le s  a t  15  minutes  each,  anneal 1 cycle  of  
30 minutes.  Adhesion test conducted a day later a t  UHV and a t  room temperature.  
Figure 24.  
The c o n d i t i o n s  d u r i n g  t h i s  test  were n e a r l y  t h e  same as the  previous one 
excep t  t ha t  a day had elapsed between annealing and the experiment, The maxi- 
mum s t r a i n  is about  the  same ( 1 0 5 % ) ,  b u t  t h e  i n i t i a l  s l o p e  is less t h a n  t h a t  
i n  F i g u r e  23.  Another  difference is t h a t  t h e  b r e a k  t o  a s t e e p e r  s l o p e  i s  
around 85% strain and  the  s lope  approaches  the  Elastic Modulus nea r  t he  
































Figure 23: S t a t i c  Adhesion  Apparent Stress vs. S t ra in  Diagram for Co-50Fe i n  
UHV and a t  Room Temperature. 
Maximum load: 1.6 grams, Minimum resis tance:  32.7mR 
Elastic Modulus and i t  looks as though the  in te r face  wi ths tands  only  a small 
f r a c t i o n  of p re s su re  release p r i o r  t o  f r a c t u r e  i n i t i a t i o n  and the remaining 
material providing a good  amount o f  t e n s i l e  s t r e n g t h .  I n  f a c t ,  i t  somewhat 
approaches the case t h a t  Jn pressure  release, t h e  real contac t  area chbnges 
only by t h e  v a r i a t i o n  d u e  t o  elastic recovery. This is a case (and so is t h e  
one in Figure 25) which l ies somewhere between the  two above mentioned mgdes 
of behavior of the  in te r face  dur ing  unloading .  
A s  expec ted ,  the  coef f ic ien t  of f r i c t i o n  is  q u i t e  low (0-72  to  1 .35)  
because af t h e  r e l a t i v e l y  low i n t e r f a c i a l  s t r a i n s  i n v o l v e d .  
Code C-7, Serial No. 16: A I B  8 cyc les  of 15  minutes  each,  anneal 1 cycle  
(30 minutes) and A I B  1 cycle  of 15  minutes.  Adhesion tes t  conducted i n  a n  
argon  atmosphere  and a t  room temperature.   Figure 25. 
As a l r eady  men t ioned  the  in i t i a l  s lope  of t h i s  c u r v e  i s  similar t o  t h a t  
i n  F i g u r e  2 3 ,  t h e  b r e a k  t o  a s teeper  s lope  occur ing  a round 90% s t r a i n  and the  
s lope  as t h e  m a x i m u m  load (2.2 grams) approaches is around 2 x l o l o  dynes/cm , 2 
which is about two magnitudes less than  the  Elastic Modulus., One essent ia l  
d i f f e r e n c e  from the  cu rve  in  F igu re  23  is t h a t  t h e  maximum s t r a i n  is about 
170%  which seems q u i t e  h i g h  f o r  a mult i -contact  adhesion run.  However, t h e  
condi t ions  dur ing  th i s  adhes ion  test were d i f f e r e n t ,  i.e. t h e  test was eon- 
d u c t e d  i n  an atmosphere of  argon,  immediately af ter  AIB.  For  the same con- 
d i t i o n s ,  Tsai (14) observed, on an average, a s h i f t  o f  a b o u t  10%-20% i n  t h e  
h i g h e r  s t r a i n  d i r e c t i o n ,  which  he  neglec ted  in  the  l igh t  of  scatter of  data .  
Fo r  th i s  me ta l l i c  sys t em,  however, adsorbed argon has produced a s i g n i f i c a n t  
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H Figure 24: Static Adhesion Apparent  Stress vs. Strain  Diagram  for  Co-50Fe in 
UHV and  at  Room  Temperature. 
Maximum load: 2 .O grams 
Minimum  resistance: 26.5 mn 
The curve on unloading has a-similar behav io r  t o  tha t  o f  F igu re  24 and 
t h e  same argument  gfven f o r  t h a t ,  h o l d s  good.  The c o e f f i c i e n t  of f r i c t i o n  is 
in  the  range  1 .54  to  2-94  and  is s l i g h t l y  on t h e  h i g h e r  s i d e  when compared t o  
1.3 k 0.5, due t o  t h e  h i g h  i n t e r f a c i a l  s t r a i n s  i n v o l v e d .  
Code C-8, S e r i a l  No. 20: A I B  8 cyc le s ,  annea l  2 cyc le s ,  A I B  1 cycle  and 
annea l  1 cycle .  Test conducted in UHV and a t  room temperature.   Figure 26, 
The b r e a k  t o  a s t e e p e r  s l o p e  i s  around 160% s t ra in ,  the  maximum s t r a i n  
being 200%. The s lope  approaches  the  Elastic Modulus around  175% t o  185% 
s t r a i n  and t h e r e a f t e r ,  on unloading ,  the  s lope  reduces  cons iderably  to  
2 x 10 Io dynes which is about two magnitudes less than  the  Elastic Modulus 2 
of 190 x 10 dynes e On unloading ,  the  behavior  of  the  in te r face  shows 
t h a t  i t  withstands a cons ide rab ly  l a rge  f r ac t ion  o f  p re s su re  release p r i o r  
“To 
2 cm 
t o  f r a c t u r e  i n f t i a t i o n ,  t h e  r e m a i n i n g  material provfding a small amount of 
t e n s i l e  s t r e n g t h .  
For a maximum load of 1,8 grams,  the lowest  value of  contact  res is tance 
measured was 15.5 ma which is the lowest measured so far .  The con tac t  resis- 
t a n c e  v a l u e s  f o r  t h e  a d h e s i o n  r u n s  i n  F i g u r e s  (27  and  28) are a l s o  low  and i n  
p ropor t ion  to  the  maximum load  appl ied .  The alternate c leaning  t rea tments  
(AIB and annealing) has produced a n e a r l y  u l t r a  c l e a n  s u r f a c e  as evidenced 
by the low va lue  of  contac t  res i s tance ,  
The c o e f f i c f e n t  o f  f r i c t i o n  was found t o  b e  i n  t h e  r a n g e  of 0 ,99  to  
1 ,89  which  agrees  fa i r ly  w e l l  w i th  the  va lue  1.3 f 0,5. 
”~ Code C-8, S e r i a l  ” No, 21:  Adhesion test conducted  under  the same condi t ions  
as the   p rev ious  case. Figure 27. 
Static  Adhesion  Apparent  Stress vs. Strain 
Diagram for Co-50Fe, in an  Argon  Atmosphere 
and at Room Temperature. 














Figure 26: Static Adhesion Apparent Stress vs. Strain Diagram for Co-50FeY 
in UHV and at Room Temperature. 
Maximum load: 1.8 grams, Minimum resistance: 15.5 mQ 
The m a x i m u m  load being less ( 1  5 grams) i n  t h i s  case, t h e  maximum s t r a i n  
observed was around 165%. The b r e a k  t o  a s t e e p e r  s l o p e  i s  around 110% s t ra in  
and the  s lope  approaches  the  Elastic Modulus i n  c e r t a i n  p o r t i o n s  as t h e  maximum 
load is  approached. The s l o p e  on  unloading is  around  10 x 10 which is  
more than a magnitude less t h a n  t h e  E l a s t i c  Modulus o f  190 x 10 





2 "  
t i c a l  t o  t h e  p r e v i o u s  case, The c o e f f i c i e n t  o f  f r i c t i o n  is i n  t he  r ange  o f  0 ,80  
to  1 ,53 which agrees  wel l  w i th  1 .3  f 0.5, 
Code C-8, S e r i a l  No. 22: Adhesion tes t  under   the same condi t ions  as the  previous 
case Figure 28. 
The maximum s t r a in  obse rved  was around 200% and t h e  b r e a k  t o  a s t e e p e r  
s lope  a round 150% s t ra in .  The s lope  approaches  the  Elast ic  Modulus around  185% t o  
195% s t r a f n ,  a n d  on un load ing ,  ce r t a in  po r t ions  of the  curve  have  a s lope of  
2 x 10 which is  about two magnitudes less t h a n  t h e  E l a s t i c  Modulus, 
The behav io r  o f  t he  in t e r f ace  on unloadfng approaches more closely to adhesfon 
10 dynes 
2 cm 
run C-8, Serial  No,  20 (Figure 26)  and suggests  that  i t  wi ths tands  a g r e a t  
f r ac t ion  o f  p re s su re  release p r i o r  t o  f r a c t u r e  i n i t i a t i o n ,  whfch is evidenced 
by a d e c r e a s e  i n  s t r a i n  i n  w h i c h  e x c e e d s  (by a g r e a t  d e a l )  t h a t  d e c r e a s e  rate 
predic ted  by  Young's Modulus., I n  f a c t ,  i t  l ies  somewhere between cases B and 
C i n  F igu re  (18 ) ,  l ean ing  more towards Case C wh ich  cha rac t e r i zes  an  in t e r f ace  
i n  which nearly a l l  o f  t h e  e l a s t i c  c o n t a c t  is recovered as t h e  p r e s s u r e  is 
re leased .  
me c o e f f i c i e n t  s f  f r i c t i o n  is i n  t h e  r a n g e  0 . 9 6  t o  1.83 which agrees 



















Figure 27: Static Adhesion Apparent Stress vs. Strain Diagram for Co-EiOFe, 
in UHV and  at Room Temperature. 
Maximum load: 1,5  grams 
Minimum resistance: 20.6 mQ 
-IC 6 
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Figure 28: S t a t i c  Adhesion  Apparent Stress vs. S t r a i n  Diagram f o r  Co-50Fe, 
i n  UHV and a t  Room Temperature, 
Maximum load:  2 1 grams, Minimum r e s i s t a n c e :  14.2 ma 
Discussion on adhesion tests conducted on Cobalt - 25% Molybdenum - 10% 
- Chromium a l loy .  
Chung conducted the static adhesion experiments on Co-25 Mo-1OCr 
cross  rods and presented the s t a t i c  adhes ion  apparent  s t ress -s t ra in  dfagram 
(Figure 29) f o r  u l t r a  c l e a n  s u r f a c e s  i n  UHV ( 1  x 10' Torr)  and loaded to  
2.5  grams. The tes t  w a s  conducted  a f te r  repea ted  cyc les  of argon ion bom- 
bardment  (12 cyc les )  and  annea l ing  till  t h e  c o n t a c t  r e s i s t a n c e  a t  a load of 
2.5  grams was 28 mQ. The f i r s t  few cycles  of  surface cleaning produced a 
c o n t a c t  r e s i s t a n c e  v a l u e  as h igh  as 120 mQ at  t h e  same load. 
From t h e  trace o f  t he  o r ig ina l  adhes ion  tes t  showing the  observed  contac t  
r e s i s t ance  ve r sus  load ,  i t  w a s  observed that  the welded junct ion would have 
separa ted  by a duc t i l e  f r ac tu re  because  the  con tac t  r e s i s t ance  inc reases  
s lowly,  i .e. contac t  area decreases  as t h e  t e n s i l e  r e g i o n  i s  reached,  which 
is c h a r a c t e r i s t i c  of a d u c t i l e  f r a c t u r e .  The exp lana t ion  g iven  in  the  p rev ious  
s e c t i o n  f o r  Co-50Fe is v a l i d  i n  t h i s  case too.  
In  Figure (29) ,  w e  see t h a t  t h e  b r e a k  t o  a s teeper  s lope occurs  around 
25% s t r a i n ,  t h e  maximum s t r a i n  b e i n g  o n l y  60%. The slope around 50% t o  60% 
s t r a i n  i s  5,05 x 10  p,s. i .   which is a b o u t  s i x  times lower  than  the Elastic 
Modulus f o r  t h e  material (30 x 1 0  p o s . i = ) .  On unloading, a t  t h e  f i r s t  i n s t a n t ,  
the  s lope  approaches  the  va lue  of  the  Elas t ic  Modulus  and t h e r e a f t e r  d r o p s  t o  a 
magnitude less than  the  Modulus. 
6 
6 
Comparing Figure (29)  to  Figure (18)  w e  see t h a t  t h e  i n t e r f a c e  ( j u n c t i o n )  
behav io r  r e sembles  the  ex t r eme  s i tua t ion  in  which nea r ly  a l l  of  the  e las t ic  
contac t  is recovered, as t h e  p r e s s u r e  is re leased .  This case is r ep resen ta t ive  
of a good bea r ing  material from the  s t andpo in t  o f  adhes ion ,  qu i t e  un l fke  the  
7 3  
I Slope = 30x10 p .  s e i. 6 
Figure 29: S ta t ic   Adhes ion   Apparent   S t ress -St ra in  Diagram for 
Co-25Mo-10 C r ,  Ultra Clean  Surfacesfn LJHV Loaded 
t o  2 , 5  grams. 
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Co-50Fe a l l o y  whose i n t e r f a c e  ( i n  most cases) withstood only a f r a c t i o n  o f  
pressure  release p r i o r  t o  f r a c t u r e  i n i t i a t i o n  of the welded junction. 
Another  s t r ik ing  d i f fe rence  be tween the  s t a t i c  adhesion apparent  stress- 
s t r a i n  c u r v e s  o f  Co-5OFe and Co-25  Mo-1OCr is t h a t  t h e  maximum s t r a i n  i n  the  
l a t t e r  is only around 60%. One would therefore  expec t  a r e l a t i v e l y  l o w e r  
v a l u e  f o r  t h e  c o e f f i c i e n t  o f  f r i c t i o n .  J u s t  as i n  the  prev ious  case, i f  t h e  
e s t ima ted  f r i c t ion  behav io r  is based on McFarlane and Tabor's(43) data (with 
su i t ab le  cho ice  o f  an  ope ra t ing  con tac t  stress l e v e l ) ,  t h e  f r i c t i o n  c o e f f i -  
c i e n t  is found t o  b e  i n  t h e  r a n g e  o f  0.29 t o  0.55 depending whether the value 
of a chosen was 11 o r  3. (c . f .   p rev ious   sec t ions) ,   This   va lue  is cons i s t en t  
w i th  expec ta t ion  ( fo r  Co-50Fe i t  was 1 .3  * 0.5) and agrees with that found by 
Bra ina~-d (~ ' )  for t he  same system and the same ope ra t ing  con tac t  stress l e v e l .  
The dynamic coe f f i c i en t  o f  f r i c t ion  va lue  found  by Buckley f o r  t h i s  a l l o y  was 
0.25 which can be considered as an excel lent  agreement  consider ing the var ious 
approximations necessary in  obtaining the predicted value.  
Discussion - on sur face   c leaning  
Since cleaning of  the metal su r faces  w a s  done by using ion bombardment 
and annealing as a method, c e r t a i n  cr i ter ia  have t o  b e  c o n s i d e r e d  b e f o r e  
makfng  any rash conclusions about  the cleanness of the  so-ca l led  ' u l t r a  
clean surface ' .  Farnsworth (49s 50)discusses  some of the drawbacks when using 
the above method of cleaning. 
(a)  Boron contaminat ion,  which or iginates  f rom the Pyrex surfaces  are 
t r a n s f e r r e d  by water vapor  and therefore  ion bombardment should be appl ied 
af ter  bakeout  and  before  high  temperature  annealing.  For  the Co-50Fe ex- 
per iments ,  the adhesion cel l  was an a l l  metal system and hence this drawback 
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e l i m i n a t e d ;  b u t  f o r  t h e  Co-25Mo-lOCr, t h e  i n v e s t i g a t i o n  was conducted i n  a 
pyrex adhesion ce l l  and thus boron contaminat$on may be expected as water 
vapor is p r e s e n t   i n  any UHV system of  even  10  Torr. - 10 
(b)  Stable  chemical  compounds are, o r  can  be  formed  on the  su r face .  
For instance,  boron cannot  be removed by a n n e a l i n g  i f  i ts  mel t ing  poin t  is 
higher  than the anneal ing temperature .  
(e )  When a metal i s  h e a t e d  a f t e r  i o n  bombardment, bu lk  impur i t i e s  may 
d i f fuse  onto  the  sur face ,  and  cannot  be  removed by hea t ing  be low the i r  mel t ing  
poin t  
(d )  D i f fus ion  o f  su r face  impur i t i e s  t o  a th in   under layer ,   thus   a l lowing  
the  sur face  to  appear  c lean ,  ye t  Contaminat ion  i s  below the  sur face .  This  
could  e f fec t  the  adhes ion  of  the  "c lean"  in te r face  wi th  an  a l te red  contac t  
r e s i s t a n c e  v a l u e ,  e s p e c i a l l y  a t  t h e  maximum load. 
Kaminsky (51) h a s  p o i n t e d  o u t  t h e  s t r u c t u r a l  c h a n g e s  i n  p u r e  metals o r  
a l l o y s  as a r e s u l t  o f  i o n  bombardment, on t h e  b a s i s  o f  i n v e s t i g a t i o n s  by 
several au thors .  When a b ina ry  a l loy  i s  bombarded wi th  pos i t i ve  ions  o f  an  
i n e r t  g a s ,  i n  many ins t ances  one of the metals i s  i n i t i a l l y  removed  more 
rapidly than the other .  Consequent ly ,  a t h i n  l a y e r  o f  a l l o y  o f  a new and 
uniform composition is formed on the  su r face .  Asada e t  a l .  (52) found that 
i on  bombardment of Cu al loyed Kith very small amounts of Au, spu t t e red  the  
gold  fas te r  than  the  copper  s o  t h a t  t h e  s u r f a c e  was enr iched  in  copper .  
When  Cu  Au a l l o y s  were bombarded with Ar' i ons  a t  energ ies  up t o  5 kev, 
however, Ogiluie ( 5 3 )  observed that  the copper  i s  removed  more r ead i ly  than  
gold .  S ince  the  ra t io  of  sput te red  Cu t o  s p u t t e r e d  Au atoms is more than 
3:1, the  su r face  l aye r s  become en r i ched  in  go ld .  F i she r  e t  a l .  ( 5 4 )  observed 
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t h a t  when t h e  a l l o y  c o n s i s t i n g  of 70% b r a s s ,  30% s t a i n l e s s  steel was s p u t t e r e d  
by Krypton i o n s ,  t h e  s p u t t e r e d  material had the same composition as t h e  o r i g i n a l  
a l l o y .  Hanau (55) found similar 
Residual  gases  are usua l ly  
g l a s s  and metal sys tem us ing  an  
main r e s idua l  gas  components t o  
r e s u l t s  f o r  aluminum a l l o y s .  
p re sen t  i n  small low pressure  systems.  For a 
o i l  d i f f u s i o n  pump. S ingle ton  (56) found the 
be  C 0 2 ,  CO and H2" These,   a long  with  the im-  
p u r i t i e s  (02, N 2 ,  H20, hydrocarbons, CO and H2 which t o t a l l y  are €7 p.p.m.) 2 
present: i n  t h e  r e s e a r c h  g r a d e  Argon used f o r  i o n  bombardment, cou ld  eas i ly  con- 
taminate  a newly cleaned surface, For example, to form one monolayer of a gas 
(say,  H2) on a metal su r face ,  a t  a system  pressure  of 10 Torr ,  i t  takes   about  
1000 seconds e 
-9 
It is  d i f f i c u l t  t o  s a y  a n y t h i n g  q u a n t i t a t i v e  a b o u t  t h e  s ta te  of  cleanness 
of t h e  metal su r face ,  t ak ing  in to  cons ide r ing  the  p re sence  of  r e s idua l  gases  and 
the  poss ib i l i t y  o f  d i f fus ion  o f  impur i t i e s  (bo th  su r face  and  bu lk )  a f t e r  i on  
bombardment and  anneal, A s  r ega rds  p re fe ren t i a l  spu t t e r ing  in  the  a l loy  sys t ems  
inves t iga t ed ,  no th ing  can  be  sa id  a t  present .  
a d h e s i o n n d  f r i c t i o n  b e h a v i o r .  
1, Cobalt - 50% Iron:  The mechan ica l  p rope r t i e s  o f  t he  d i so rde red  and  b r i t t l e  
a l loy  ind ica ted  an  exceedingly  low f r a c t u r e  s t r e n g t h ,  low hardness and very weak 
grain boundary strength.  Ordering by sui table  heat  t reatment  only produced a 
more b r i t t l e  material with a lower  f rac ture  s t rength  and  a s l i g h t l y  h i g h e r  h a r d -  
ness  value.  It w a s  n o t  p o s s i b l e  t o  make adhesion samples  f rom the al loy in  
e i the r  o f  t he  above  states due t o  mechanica l  fa i lure  dur ing  w e t  gr inding.  Work 
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hardening w a s  found to  p roduce  a f i n e r  g r a i n  s t r u c t u r e  and a g r e a t e r  g r a i n  
boundary strength which was  amenable to  the  gr inding  such  tha t  adhes ion  samples  
could be formed.  I r respect ive of  the heat  t reatment  given the al loy before  
mounting i n t o  t h e  a d h e s i o n  a p p a r a t u s ,  t h e  e x t e n s i v e  u l t r a  h i g h  vacuum thermal 
degassing a t  900°C t o  c l e a n  t h e  specimen surface such as was used i n  t h e s e  ex- 
per iments  resu l ted  in  only  an  annea led  a l loy  for  the  adhes ion  tes t ing ,  One 
should note ,  however ,  that  the extensive high temperature  degassing can be 
avoided, i f  h e a t  t r e a t e d  s p e c i m e n s  are t o  b e  t e s t e d  as w a s  c i t e d  by Aldrich 
and Keller (15 1 
One should  not  make t h e  e r r o r  o f  i n t e r p r e t i n g  t h e  s t a t i c  adhesion apparent  
s t r e s s - s t r a i n  curves i n  t h e  same manner as t h e  t y p i c a l  e n g i n e e r i n g  s t r e s s - s t r a i n  
curve due to  the assumptions necessary fo r  t h e i r  development.  For  example,  the 
c a l c u l a t e d  f r a c t u r e  stress of the c o b a l t - i r o n  a l l o y  f o r  t h e  numerous adhesion 
tests showed va lues  in  the  range  of  80 k.s. i .  t o  150 k.s.f .  (some cases even 
1000 k,s , i , )  depending on condi t ions of  the experiment  whereas  the bulk s t rength 
o f  t he  a l loy  was observed t o  b e  a b o u t  1 0  times less than  these  va lues .  
The g r e a t e r  f r a c t u r e  s t r e n g t h  c a l c u l a t e d  from the  adhes ion  da ta  were due 
a p p a r e n t l y  t o  o u r  i n a b i l i t y  t o  p l a c e  t h e  stress va lues  on an  absolu te  scale. 
On the  o ther  hand ,  the  observed  adhes ion  s t rengths  may i n  f a c t  b e  t r u l y  r e p r e -  
sen ta t ive  of  the  bulk  s t rength  of  the  c rys ta l  and  the  observed  bulk  s t rength  
va lues  were low due t o  t h e  weak grain boundaries .  Under the  p re sen t  ci~cum- 
s t ances  the re  is no way t o  c l a r i f y  t h i s  s i t u a t i o n  s i n c e  a l l o y  s i n g l e  c r y s t a l s  
cannot be made a v a i l a b l e  and abso lu te  area i d e n t i f i c a t i o n  i s  most d i f f i c u l t .  
Both of  these  aspec ts  were beyond the scope of this program. 
The Co-50Fe a l loy  which  is  c o m p a r a t i v e l y  s o f t  b u t  h i g h l y  b r i t t l e ,  when 
s u b j e c t e d  t o  a d h e s i o n , t e s t s ,  e x h i b i t e d  w h a t  was ca l l ed  "duc t i l e " ,  f r ac tu re  
(on load release), i.e. t h e  c o n t a c t  j u n c t i o n  upon release of  the compressive 
load  decreased  in  area i n  a continuous manner. In  the  l i gh t  o f  t he  mechan ica l  
p r o p e r t i e s  o f  t h i s  a l l o y  i t  i s  reasonab le  to  assume t h a t  t h e  a s p e r i t y  c o l l a p s e  
upon l o a d  a p p l i c a t i o n  is n o t  s i m p l y  p l a s t i c  i n  n a t u r e ,  b u t  t h a t  t h e y  c r u m b l e  
due t o  t h e  h i g h l y  b r i t t l e  n a t u r e  o f  t h e  a l l o y ,  c . f .  s c r a t c h  b y  s i l i c o n  c a r b i d e  
i n  F i g u r e  4 .  The s t r eng ths  o f  t he  adhes ion  junc t ions  were somewhat h igher  
t h a n  a n t i c i p a t e d  a n d  t h e  f r a c t u r e  sLress va lues  showed a higher degree of 
scatter than  those  for  pure  i ron .  On load release the  var ious  welded  junc t ions  
a t  t h e  c o n t a c t i n g  i n t e r f a c e  f r a c t u r e d  i n  a b r i t t l e  manner ,  asper i ty  a t  a t i m e ,  
thereby giving an overal l  appearance of  what appeared to be a continuous process 
as was observed i n  some of  the cases f o r  i r o n .  The wear t r a c k  of t h e  dynamic 
f r i c t i o n  tests were deep and appeared as though considerable material was "chipped" 
away which a l so  suppor t s  t h i s  mode l .  
The Co-50Fe a l loy  be ing  so f t  and  hav ing  a b .c .c .  s t ruc ture ,  one  would expect 
high adhesion s t rengths  and consequent ly  a h i g h  f r i c t i o n  c o e f f i c i e n t ,  e . g .  f i v e  
t o  s i x ;  however,  due to  the  reasons  ment ioned  above  the  dynamic f r i c t i o n  c o e f f i -  
c i e n t  was only 103 f 0.5 in s t ead  o f  t he  expec ted  h ighe r  va lues  as a t t a i n e d  f o r  
pure b. c. c. i r o n  . The pecu l i a r  behav io r  o f  t he  Co-50Fe a l l o y  i s  n o t  f u l l y  
expla inable .  The b r i t t l e  n a t u r e  o f  t h i s  material i s  due i n  some p a r t  t o  t h e  
weak g r a i n  b o u n d a r i e s  a n d  c e r t a i n l y  t h e  p o r o s i t y  a l s o  c o n t r i b u t e s  t o  t h e  l a c k  
of  s t rength ;  however ,  each  of  these ,  o r  the i r  combina t ion ,  would  not  account  
f o r  the low hardness  nor  the  excessive wear ev idenced  in  the  dynamic  f r i c t ion  
(57) 
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tests. The p r o p e r t i e s ,  which are q u i t e  similar t o  t h o s e  of bismuth or 
graphi te ,  sugges t  a low cohes ive  energy  poss ib le  in  one  o r  more c r y s t a l l o -  
graphic  d i rec t ions  coupled  wi th  a high need for  a tomic bond d i r e c t i o n a l i t y .  
The basic problem is t h a t  Co-50Fe would not  genera l ly  be  cons idered  to  have  
s u c h  s p e c t a c u l a r  p r o p e r t i e s  i n  t h e  l i g h t  o f  a p h a s e  s t a b i l i t y  a n a l y s i s  s u c h  
as tha t  provided  by t h e  Brewer-Engle  (58) o r  Goodenough (59) theories .  There 
i s  a d i s t i n c t  s i m i l a r i t y  between the mechanical properties of Co-50Fe and 
the y-brass  in  the copper  z inc-system. 
The vacuum c o e f f i c i e n t  of f r i c t i o n  a t  the  ope ra t ing  con tac t  stress 
level was 1,3 k 0,5 which i s  much g rea t e r  t han  tha t  measu red  fo r  most metals 
i n  a i r  (p = 0.1  t o  0 .2) ,  It has  therefore  been confirmed that  due to  the 
low rate of accumulation of gas on an exposed surface in UHV t h e r e  are ob- 
s e r v a b l e  e f f e c t s  i n  several mechan ica l   p rope r t i e s .   I n   pa r t i cu la r ,  compared 
t o  t h e  p r o p e r t i e s  i n  t h e  a t m o s p h e r e :  
(i) Large  increases   in   the  adhesive  forces   between  the  surfaces  
brought  in to  contac t ,  
( i i )   F r i c t i o n   c o e f f i c i e n t s  of   contact ing  bodies   has   a lso  increased.  
( i i i )  Observable  changes  have  occured  in  duc t i l i ty  and  res i s tance  to  
f r a c t u r e  . 
11. Cobalt - 25 Molybdenum - 10 Chromium: The observable  e f fec ts  or  changes  
i n  t h e  c o n t a c t  p r o p e r t i e s  due t o  c l e a n  s u r f a c e  i n  UHV as mentioned above i s  
app l i cab le   i n   t h i s   ca se   t oo ,   Fo r   example ,   t he   f r ac tu re   s t r eng th   ( a f t e r  ad- 
h e s i o n  t e s t s )  i s  around 180 k.s.i.  which is a b o u t  f i v e  times more than the 
values  observed from the   engineer ing   s t ress -s t ra in   curve .   Also ,   the   f rac ture  
80 
mode of the  adhes ion  junc t ion  w a s  much l i k e  t h a t  of Fe-50Co wheyeas i t  was 
b r i t t l e  d u r i n g  t h e  s t a n d a r d  t e n s i o n  tests. The high har ;dness  of  the al loy 
(Rockwell-50)  and i t s  compos i t e  c rys t a l  s t ruc tu re  (two of the phases being 
hexagonal and the third being rhombohedral)  would permi t  the  pred ic t ion  a 
low  adhesYon s t rength ;  and  consequent ly ,  a low v a l u e  o f  f r i c t i o n  c o e f f i c i e n t  
A value  of 0.29 t o  0.55 dynamic c o e f f i c i e n t  of f r i c t ion  conf i rms  these  expec- 
t a t i o n s  
Co-25 Mo-10 C r  a l l o y ,  t h o u g h  b r i t t l e ,  h a s  a h igh  f r ac tu re  s t r eng th  as evi-  
denced  by the  engineer ing  tens ion  tests. The lower  junc t ion  s t rength  from 
the adhesfon tests, could  be  due  to  the  composi te  s t ruc ture  (as  jus t  ment ioned)  
of t h e  a l l o y ,  and could also be due to  the presence of  surface contaminants .  
A re-examination of t h i s  a l l o y  i n  t h e  a d h e s i o n  a p p a r a t u s  would c h a r a c t e r i z e  
t h e  i n t e r f a c e  b e h a v i o r  more c l e a r l y .  These s t u d i e s  are i n  p r o g r e s s ,  
(60) 
/ 
CONCLUSIONS AND RECOMMENDATIONS 
I. Cobalt  - 50 I r o n  
1. The contact   behavior   of  Co-50Fe was cha rac t e r i zed ,  and  from these  
da t a  we concluded: 
(a )  Lower than  an t i c ipa t ed  adhes ion  s t r eng th  fo r  a b .c .c .  a l loy  
and hence a l o w e r  f r i c t i o n  c o e f f i c i e n t ,  b u t  r e l a t i v e  t o  Co- 
25Mo-10Cr the  va lue  is q u i t e  h i g h .  
(b) The a l l o y  is v e r y  b r i t t l e  and s t r u c t u r a l l y  weak i n  a l l  con- 
d i t i o n s ,  i .e. 'as-cast' (d i sordered) ,   o rdered   and   so lu t ion  
t reatment .  
2. The mechanical  propert ies  of  the Co-50Fe a l l o y  i n  t h e  d i s o r d e r e d  
s ta te  d id  noc  vary  s igni f icant ly  from tha t  o f  t he  o rde red ,  A small 
inc rease  in  ha rdness  was observed.  Tension tests i n  t h e  o r d e r e d  
s ta te  were b a r e l y  p o s s i b l e  due t o  a cons ide rab le  inc rease  in  
b r i t t l e n e s s .  
3 ,  The present   invest igat ion  confirmed  the  formation  of  a s u p e r l a t t i c e  
s t r u c t u r e  ( t y p e  B2) i n  Co-5OFe a t  a temperature of about 730OC. 
The order ing  was cha rac t e r i zed  by t h r e e  e x t r a  d i f f r a c t i o n  p e a k s  
whose (hk l )   i nd ices  are given by  (1001,  (111)  and  (210), 
4 .  A thorougH inves t iga t ion  o f  t he  o rde r ing  t r ans fo rma t ion  and  the 
grain boundary s t rengths  i n  t h i s  a l l o y  would throw more l i g h t  on 
the  pecul ia r  mechanica l  behavior  of  th i s  a l loy .  
11. Cobalt-25 Molybdenum-10 Chromium 
1. On the  bas i s  o f  con tac t  behav io r  cha rac t e r i za t ion ,  Co-25 Mo-1OCr 
82 
I' 
is a good bea r ing  a l loy  i.e. from the s tandpoint  of  adhesion.  It 
has low adhesion s t rength and demonstrates  a low coe f f i c i en t  o f  
f r i c t i o n .  
Co-25  Mo-1OCr being a b r i t t l e  material and also very hard which 
does not permit simple forming. 
None o f  t he  hea t  t r ea tmen t s  such  as s o l u t i o n  t r e a t i n g ,  a n n e a l i n g  
a t  122OoC nor  ag ing  a t  7OO0C and 8OO0C produced any s i g n i f i c a n t  
change in  the  mechan ica l  p rope r t i e s  o f  t he  a l loy .  
It is  recommended t h a t  a n  a l l o y  o f  Co-Mo-Cr of a 22 w/o Mo content 
with a l a r g e r  a-phase f i e l d  b e  made a v a i l a b l e  f o r  b e t t e r  s o l u t i o n  
t reatment  and thus p e r m i t  p roper  prec ip i ta t ion  hardening .  
Hexagonal metal systems which have abnormally low f r i c t i o n  co- 
e f f i c i en t s  shou ld  be  sub jec t ed  to  th i s  b road  based  gene ra l  s tudy  
i n  which a l l  material p rope r t i e s  cou ld  be  inves t iga t ed  in  con- 
junc t ion  wi th  metallic adhesion phenomena. The cobalt-rhenium 
system, which forms a series of  hexagonal  so l id  so lu t ions  could  
p rove  to  be  a useful system. 
P r o b a b l y  t h e  g r e a t e s t  c o n t r i b u t i o n  o f  t h i s  work i s  the  genera t ion  of  
s t a t i c  a d h e s i o n  d a t a  which permits  the predict ion of  a coe f f i c i en t  o f  dy- 
namic f r i c t i o n .  Two a l loys  of  very  d i f fe ren t  mechanica l  behavior  were used 
to  p red ic t  coe f f i c i en t  o f  f r i c t ion  va lues  and  these  p red ic t ions  conf i rmed  
by an outs ide agency to  be within 20%. Such has  not  previously been accom- 
p l i shed .  
It i s  recommended t h a t  a s e r i o u s  i n v e s t i g a t i o n  of the  congtant  a i n  t h e  
McFarlane-Tabor r e l a t i o n s h i p  b e  i n i t i a t e d .  An expansion of t h i s  t y p e  o f  i n -  
ves t iga t ion  shou ld  be  made t o  o t h e r  t y p e s  of a l loys .  
APPENDIX I 
X-RAY, TENSION TESTS AND HARDNESS DATA FOR  COBALT-50  IRON 
AND COBALT-25 MOLYBDENUlVl-10 CHROMIUM ALLOYS 
TABLE 1 
PROPERTIES  OF Co-50Fe ALLOY I N  VARIOUS  CONDITIONS 
Property A s  Cast Annealed a t  725+1OoC 
(Disordered) for 100 hours  (ordered) 
F r a c t u r e   S t r e s s  (1) 16,  TOO* (1) Fractured  while  machining 
p . s . i ,  (2)  11,300 
(3) 10,600** 
( 4 )  9,150*  (3) 2,550**" 
(2)  5,100 
Young's  Modulus (1) 33, 4x106 
6 
( 4 )  18, 3xIO6 
p . s . i .   ( 2 )  22 ., 6x106 
(3)  21,2x10 
Reduct ion   in  Area N I L  





*Frac ture  outs ide  o f  gauge length., 
**Fracture a t  two reg ions ,  bu t  wi th in  the  gauge  length .  
k**Fracture a t  two reg ions ,  one  wi th in  and  the  o ther  ou ts ide  the  
gauge length,  
NOTE: Hardness of work-hardened Co-50Fe a l l o y  = 87 R (Average of 
1 2  readings) .  
Hardness of work-hardened and then ordered (anneal a t  725+5 C 






TREATMENT: Aged a t  71OoC f o r  100  hours 
RADIATION: C r  Ka 
FILTER : Vanadium 
Relative 
Plane   In tens i ty  d (Ao) 
(100) 5 2.86 
(101)  100 2,05 
(111) 5 1.645 
(200) 20 1 425 
(210) 5 1.275 
(211) 30 1.165 
TABLE 3 
SPECIMEN: Co-50Fe (metallographic  sample) 
TREATMENT: Aged  725OC f o r  100  hours 
RADIATION: C r  Kcr 
FILTER: Vanadium 
Relative 
P lane   In t ens i ty  d (A0> 




SPECIMEN: Co-50Fe P l a t e  (Top S ide   w i th   l a rge r   g ra ins  
TREATMENT: Aged a t  725'C f o r  100  hours  (ordered) 
exposed t o  x-rays) 
RADIATION: C r  Ka 
FILTER: Vanadium 
Relative 
P l a n e   I n t e n s i t y  d (A') 




SPECIMEN: Co-50Fe (exposed  on  edge  of  plate) 
TREATMENT: Aged a t  725'C f o r  100 hours  
RADIATION: C r  KCL 
FILTER: Vanadium 
Relative 
P l a n e   I n t e n s i t y  d (A') 
(211)  100  1.16 
TABLE 6 
SPECIMEN: Co-50Fe (Bar) 
TREATMENT: Work hardened a t  105OoC ( i n  y region  and 
furnace cooled)  
RADIATION: C r  Ka 
FILTER: Vanadium 
R e  l a  t ive 
P lane   In t ens i ty  d (Ao) 


























X-RAY  DATA FROM Co-25Mo-1OCr ALLOYS 
X-RAY PEAK INTENSITY 
SOLUTION AGED  AGED 


























E - Cobalt (100) 
+ u Phase: 2.14* m 
E - Cobalt   (002) 
+ u Phase: 2.10* mw 
: 205* s 
X-RAY PEAK INTENSITY 
SOLUTION AGED AGED 























1 .801  
1.799' 
1.786 4 













1 7  1 
2 1  1 
10 J 
8 J  
2 1 
REMARKS 
E - Coba l t  (002) 
+ l~ Phase: 2.10* mw 
: 205* s 
1.1 Phase:  2.03* mw 
: 1.99 mw 
p Phase:  1.94* m 
E - Cobal t  (101) + p Phase: 1.91* 
p Phase:  1.85* w 
? 
p Phase:  1.77* w 
Some p P h a s e  l i n e s  
have  been  r epor t ed  
as very weak 
X-RAY PEAK INTENSITY 
d 
s AS-CAST 
1.504  37 
1 .491  3 























SOLUTION AGED AGED 
TREATED 7OO0C 80OoC 
2 
1 7  
2 
1 6  
30 
REMARKS 
Some p Phase l ines  have 
been r e p o r t e d  as very weak 
1.5 
cf.  l i n e s  above 
1.481 






2 3  
35 
25 i 
1 0  
p Phase: 1.38* vw 
1.36* m 
p Phase:  1.34* vw 
1.32* m s  
€-Cobalt  (110) 




X-RAY PEAK INTENSITY 
SOLUTION AGED AGED 
















1 ,173  
1.165 




1.5 1 p Phase:  1.27* mw 1.25 m 1.24 vw 







€-Cobal t  (103) 
* A s  g iven   by  B. Lux and W. Bal lmann,   Cobal t ,  11, 4 (1961)  which  agrees w e l l  
w i t h  S. P. Rideout   and P. A. Beck, NACA T e c h z c a l  R e p o r t  No. 1122  (1951). 
TABLE 8 
PROPERTIES  OF  Co-25Mo-1OCr ALLOY I N  VARIOUS CONDITIONS 
Prope r t i e s  
Y ie ld  S t r e s s  
p . s . i .  
F r a c t u r e  S t r e s s  
p . s . i .  
Young's Modulus 







(1) 1 . 0 4 ~ 1 0 ~  4 
(2) 1 . 7 1 ~ 1 0  
(1) 1. 38x104* 
(2) 1. 71x104* 
(1) 1 7 . 4 ~ 1 0  6 
(2) 2 4 . 4 ~ 1 0 ~  
NIL 
49 
Annealing  In Heat Treated aged Aged 
Vacuum Furnace  Commercially Aged 800°C-61 hours 800°c-61 
122OOC-116 hours 120OoC-60 hours 700°C-50 hours (B) ' ' . . . . . hours (A) 
1.02xlO 0 7..72x10 1 . 8 4 ~ 1 0  4 1 . 3 7 ~ 1 0  4 1.22xlO 4 4 4 
3 . 4 2 ~ 1 0  * 4 2 80x10 4 2 42x10 4 3.14~10 2 .17~10  * 4 4 
.108.6xlO 6 29-32x10 6  34x106 40 .75~10   32 .5~10  
6 
0.16% N i  1 0 16%  0.16%  0.16% 
49  47 5 1  52 50 
IIAI! Aging done a f t e r  a n n e a l i n g  i n  vacuum a t  1220 C f o r  116 hours. 
Aging  done a f t e r  commercial heat treatment a t  1200°C f o r  60 hours and a i r  cooled. 
0 
I I B "  






























ADHESION DATA FOR COBALT-50  IRON  COUPLES 
UNDER VARIOUS  STATES OF CLEANNESS AND LOADS 
TABLE 9 
ADHESION RUN AFTER DEGAS (WITHOUT AIB) 
Load  Contact  Resistance  Apparent  Stress 

















































































+2 0 10 
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Load Contact Resistance Apparent Stress 

























































-1 0 12 















-5 0 34 
-6.20 
-2.41 
-0 0 99 
M.60 












































































-0 0 10 
TABLE 11 
ADHESION RUN C-1, S-1 
Contact Resistance Apparent Stress 






















































































2 1  
22 
TABLE 12  
ADHESION RUN C-5, S-8 
Load Contact Resistance Apparent Stress Apparent Strain 
w (grams) Ro (ma) u ( l o l o  dynes/cm ) (€1 
0.00 
0 .1  
0.2 
0 . 3 .  
0.4 
0.5 
















































































































Contact Resistance ApparfBt Stress 






























































































































































1 .17  
I 
TABLE 13 (Cont.) 
Load  Contact Resistance  Appare t Stress  Apparent  Strain 
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TABLE 14 


























































Contact Resistance Apparent Stress 




































-14  13 
-15.40 
-16.65 
-17 a 64 
-18.60 
-19 ., 40 
-20.00 
-20.06 









































































Load Contact Resistance Apparent Stress 























































-14  80 
-13.95 
-13 00 
-12 e 10 
-11 0 10 
-10.20 
-9.30 
-8  35 
-7 0 45 



























































































Contact Resistance Apparent Stress 










































































































Contact Resistance Apparent Stress 





































+l.  355 

























































































Contact Resistance Apparent Stress 
Ro (m) u (1O1O dynes/cm ) 2 















































-9 0 75 





-5  88 
-5.33 
-4  76 
-4 ., 15 
-3.53 
-2 e 87 
-2.25 







































TABLE 1 7  













1 2  
1 3  
LOAD 1 4  
15 
1 6  
1 7  
18 







0 . 1  
0.2 











1 . 4  
1.5 
1.6 
1 .7  
1.8 














16 .8  
16.4 










Contact Resistance Apparent Stress 


























0 , 5 9  















1 .90  
1 .91  


















































Contact Resistance Appare t Stress 



































































COEXi'li'ICIEN" OF DYNAMIC E?IICTION FOR COBALT-50 IRON 
AND COBALT-25 MOLYBDENUM-10 CHROMIUM ALLOYS 
TABLE 18 
PREDICTED  -COEFFICIENT  OF DYNAMIC FRICTION FOR THE Co-50Fe SYSTl3l AT 
VARIOUS CLEANING CONDITIONS, TAKEN AT A CONTACT OPERATIONAL 
STRESS LEVEL OF 71,100 P.S.I. FOR THE CROSSED W I R E  CONFIGURATION 
Condi t ion   (S t ra in)  
Thermal  Degas  (Figure  16) 1.00 
Thermal Degas (Figure 17) 1.41 
Code C-1, Serial No. 1 1.21 
Code C-5, S e r i a l  No. 8 0.78 
Code C-6, Serial  No. 13 ' 0.95 
Code C-7, S e r i a l  No. 16 1.66 
Code C-8, S e r i a l  No. 20 1.31 
Code C-8, S e r i a l  No. 21 1.12 
Code C-8, S e r i a l  No. 22 1.27 
u ( f o r  at11 and 3) 
0.74 t o  1.42 
1.16 t o  2.22 
0.95 t o  1.81 
0.57 t o  1.10 
0.72 t o  1.35 
1.54 t o  2.94 
0.99 t o  1.89 
0.80 to  1 .53  
0.96 t o  1.83 
The Co-25Mo-1OCr System, Ultra High Clean Surface 
Cdhdition E ( S t r a i n )  u ( f o r  a = l l  and  3)
Ultra Clean  Surface  0.32 0.29 to  0.55
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